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ABSTRACT
Severe weather resulting from climate change conditions pose threats to infrastructure system’s
functionality, performance, as well as public safety in Canada and around the world. Considering
this, an increasing number of organisations and agencies that provide public services have
recognized climate change adaptation as a top priority because of its importance in protecting the
public interest. Severe weather events exacerbate demand on infrastructure and services that are
already under stress. Infrastructure's age, material deterioration, flaws in design and construction,
increased demand, as well as a lack of maintenance, extended service life beyond design or
increased severity or frequency of weather events can lead the asset to failure in addition to the
variables that diminish the capacity of the system.
Infrastructure vulnerability and risk assessments are the basis for ensuring that climate change is
considered in the design process, operations, and maintenance of public infrastructure, buildings,
and services. This allows infrastructure owners to design and implement cost-effective solutions
for adapting to these changing weather patterns.
Public Infrastructure Engineering Vulnerability Committee (PIEVC) was formed by Engineers
Canada and its partners in response to the climate change challenge. The protocol developed by
PIEVC was implemented for assessing the vulnerability of road infrastructure for the Town of
Essex, under future climatic conditions. Currently, there are no infrastructure components that are
at high-risk and require immediate attention. However, there are 17 medium risk elements that
require further analysis. Considering the future changes in temperature and precipitation patterns,
there needs a change in the design and operation and maintenance standards.
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CHAPTER 1
INTRODUCTION
1.1 Background
The climate of the earth has been continuously changing for decades and is one of the key
challenges faced by mankind. The changes observed are because of anthropogenic activities
primarily due to the burning of fossil fuels resulting in the increase of the earths average
temperature. The secondary reasons for altering the earths climate system are industrial actions,
increased use of fertilizers in agricultural activities and deforestation. Human activities are
increasing the average global temperatures at an alarming rate, currently at a rate of 0.2 oC per
decade (IPCC, 2018). Anthropogenic activities are responsible for increasing approximately 1oC
of global warming above pre-industrial levels (IPCC, 2018). There will be serious consequences
to the natural environment, human health, and well-being if this temperature reaches 2

o

C

compared to the pre-industrial times. To counter the negative impacts, the international community
identified a need to restrict the increase in temperature below 2 o C and suggested that an increase
in efforts can lead to limiting it to 1.5 o C (Hoegh-Guldberg et al., 2018).
Natural systems are the largest and most comprehensive evidence of climate change impacts.
Changing precipitation patterns, as well as melting snow and ice, are impacting hydrological
systems across the globe, thereby affecting water supplies quality and quantity (Pachauri et al.,
2015a). Since 1950, there have been changes in several extreme weather and climatic events. A
decline in cold temperature extremes, a surge in warm temperature extremes, an increase in
extreme high sea levels, and an increase in the number of extreme precipitation events across the
globe have all been connected to human activities (Pachauri et al., 2015b). Sustained emission of
greenhouse gases will result in increased warming and long-term changes in all the components of
1

earth’s climate system, thus putting the entire mankind and ecosystems at risk. Controlling climate
change would require significant and long-term reductions in greenhouse gas emissions, which,
when combined with adaptation measures, can reduce the risks of climate change. The greenhouse
gas emissions projections around the world vary significantly, depending on socioeconomic
development and climate policies.
The year 2020 is recorded as one of the warmest years and over 50 million people across the globe
have been affected directly by floods, droughts, storms, wildfires etc., and a large amount of green
cover have been destroyed in countries like Australia, USA, Brazil, and Russia because of wildfires
(United Nations Environment Programme, 2021). Therefore, it is very important for the countries
to make significant progress rates in adaptation. Climate change adaptation has been widely
incorporated in the policies and planning at the higher level. However, the level of implementation
is varying across countries. 72% of the countries have at least one national-level adaptation plan,
policy, or strategy and 9% of the countries do not have any national-level plans or they are still in
the developing phase (United Nations Environment Programme, 2021). This proves that many
countries are considering climate change as a serious threat, and they have started to strengthen
their national adaptation plans. The implementation is very crucial at the ground level for both
public and private sectors to respond to climate change.
Under constant or changing climate circumstances, extreme event occurrences are a feature of
climate variability. They are defined as the occurrence of a weather event or a climatic parameter
that is greater than or less than a specified threshold. The magnitude of impacts from the extreme
weather events do not necessarily depends on the severity of the extreme event, and it also depends
on the vulnerability and exposure (Field et al., 2014). IPCC defines adverse impacts as disasters
that cause extensive damages and cause severe disturbances to the normal functioning of society
2

(IPCC, 2018). The factors that influence extreme events, vulnerability and exposure are climate
change caused by anthropogenic activities, natural variability of climate and socio-economic
development. Since the risks of extreme events cannot be fully eliminated, risk management aims
at reducing the exposure and vulnerability, thereby increasing the resilience to climate extremes.
Adaptation and mitigation strategies can complement each other to drastically reduce the climate
change impacts.
The available finances for climate change adaptation are crucial for developing countries because
the developed countries are thought to be better equipped to deal with the effects of climate change
adaptation (Wijaya, 2014). The costs in absolute terms might seem higher for developed countries
but in terms of burden, it is huge in developing countries, with the financial, technical, and human
constraints. It is estimated that the initial investment of $1.8 trillion USD in climate-resilient
infrastructure, early warning systems, improved agricultural practices, and global mangrove
protection can yield cost savings of $7.1 trillion USD and additional social and economic benefits
(United Nations Environment Programme, 2021). The investments made in adaptation and risk
mitigation strategies help Canadian communities to be better prepared to deal with the difficulties
posed by climate change, including threats to public infrastructure. An estimated 6:1 ROI has been
calculated, implying that for every dollar spent on mitigation measures, $6 is saved on future losses
(Green Analytics Corp, 2020). The annual average adaptation costs in developing countries are
estimated to be around $70 billion USD and projected to increase to a range of $140-300 billion
by 2030 and $280-500 billion by 2050 (United Nations Environment Programme, 2021). However,
with the increased efforts in finance for adaptation, there is a huge gap between the adaptation
finance and the pace at with the global climate is changing. New tools, like sustainability
investment criteria, climate-related disclosure guidelines, and the normalization of climate-related

3

threats into business decisions, can aid in the monitoring of financing flows that
supports adaptation (United Nations Environment Programme, 2021).
Although most of the countries are implementing national-level adaptation planning to combat
climate change, there is no conclusive evidence that these plans and strategies are implemented at
sectoral level or at a county level. Therefore, there should be a monitoring system to track the
progress and assess the level of implementation to develop an efficient implementation system.
It is obvious that climate change poses a significant threat to the performance of infrastructure
components as well as public safety in Canada and abroad. Weather-related disasters are becoming
more frequent and costly, exposing the vulnerability of Canada's infrastructure. Canada’s
infrastructure is also the victim of climate change, and it is progressively being challenged to
handle more frequent and catastrophic weather events, increased climate variability, and changes
in average conditions. Devastating weather patterns are already in place, and all these effects are
expected to intensify with time, with the Canadian mean temperature rising by 2 to 4 degrees
Celsius by 2040-2060 (Infrastructure Canada, 2006). However, these changes vary spatially and
temporally. Northern Canada is affected severely by freeze-thaw cycles, resulting in the
instabilities of buildings, roads, and pipelines. The other regions are affected by high-intensity
short duration rainfalls, storm surges, a decline in water levels of rivers, rise in water temperatures
etc., and these cause impacts such as water quality problems, reduced hydroelectric power, flash
floods, declining water supplies etc., Therefore, the infrastructure assets need to continuously be
adapted to climate change to ensure that the public infrastructure is safely providing the essential
services without disruptions.
The climate change is unavoidable, and it effects all the type of infrastructure, roads, rails, airports,
seaports, tunnels, and bridges. The transportation sector is both the culprit and victim of climate
4

change, and it has a significant impact on road infrastructure. The primary stressors responsible
for these impacts are the changes in temperatures and precipitation events, and these stressors
accelerate the rate of deterioration, ultimately leading to failure of the functioning of the
infrastructure asset (Schweikert et al., 2015). They also increase the traffic and reduce the safety
conditions of the infrastructure, all of which have economic implications. Climate and weather
changes are expected to have a significant impact on the highway system's long-term safety and
functionality. Long-term climatic averages, as well as the frequency and severity of extreme
weather occurrences, will almost certainly shift because of this change, which affects
highway planning, design, operation, maintenance, and management. Climate stressors are climate
variables like average temperature, temperature variability, average and seasonal precipitation, and
extreme weather occurrences that potentially affect the design, construction, operations,
and maintenance of a transportation system or facility in some form. According to preliminary
experience with adaptation planning from experts throughout the world, the first step of identifying
potential stressors ranges from opinions of expert panels to large-scale climate models (Meyer et
al., 2016).
The United Nations conference on trade and development (UNCTAD) conference revealed the
fact that experts from various transportation sectors expressed their concerns regarding the lack of
attention of transportation’s sector adaptation to climate change (Brooke, 2019). The common
response that emerged regarding the failure of adaptation were the climate change-related risks
were not properly understood; the hurdles faced while obtaining funding and their justifications
about the investments in developing resilience, and a need for guidance specific to adaptation
(Codes and standards) (Brooke, 2019).

5

Engineering vulnerability and risk assessment serve as a bridge to ensure that climate change is
considered in the design, operation, and maintenance of infrastructure components. It is possible
to build cost-effective designs, operations, and maintenance procedures, and develop policies by
identifying the components of infrastructure that are particularly vulnerable to climate change
impacts. According to the Canadian Infrastructure Report Card, much of Canada's key public
infrastructure is "at-risk" (Chinchure, 2021).
The risk of climate change on infrastructure refers to the likelihood of occurrence of harmful
effects or losses such as infrastructure degradation or damage, and related loss of life and
injury coming from the interactions between climate hazards, infrastructure’s exposure to these
events, and its vulnerability.

Climate Risk

Climate Hazard

Exposure

Vulnerability

Sensitivity

Adaptive
Capacity

Figure 1-1 Definition of Climate Risk
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A climate hazard is a climatic event that has the potential of causing harm (e.g., floods
and wildfires) or long-term changes in climate variables that have negative implications (e.g.,
rising temperatures, sea-level rise and changing rainfall patterns).
Infrastructures that are exposed to climate risk are those that are in places where extreme weather
events are likely to occur.
An infrastructure system’s vulnerability to climatic events is defined as the infrastructure's
susceptibility to damage from climate hazards. When it comes to climate risk, infrastructure’s
vulnerability depends on their sensitivity and how well the sector can adapt by avoiding negative
consequences and/or enhancing positive outcomes. A good climate risk management strategy
includes a mix of technological, policy, and legal measures, as well as financial, socioeconomic,
and institutional aspects.
Most of the agencies that manages transportation infrastructure, and its components focuses on
identifying the vulnerabilities based on a risk management approach. Most of these risk assessment
studies focused on ports, rails, and roads. The studies on roads focused broadly on a national level
and these might affect the risk results because of the spatial variations of climate change. The local
studies on the road infrastructure concentrated on coastal flooding and storm surges. There is
limited research on identifying the vulnerabilities of road infrastructure and its associated
components at a local level. Therefore, there is a need to study the impacts of climate change on
road infrastructure and its components at a local level.

7

1.2 Objectives
The main aim of this research is to identify the road infrastructure components that are vulnerable
to future climate changes and provide suggestions to mitigate those risks.
In order to answer the above research question, this major paper has the following objectives:
•

Determining the future trends of climate change and identify the major threats that
affect the road infrastructure components.

•

Identifying the interactions between various road infrastructure components and the
climate variables.

•

Determining the key risks by comparing the baseline climate conditions with future
climate change scenarios

•

Providing recommendations based on current practices to mitigate the impacts of future
risks.

8

CHAPTER 2
LITERATURE REVIEW
2.1 Impact of Climate Change on Transportation Infrastructure
Transportation infrastructure is the backbone of a country’s economy and people rely on them for
safe and reliable transportation. With the rapid increase in population, there will be an increased
dependence on transportation infrastructure. The transportation infrastructure across the world is
designed and built to withstand local weather and climatic conditions. The infrastructure needs are
increasing significantly across the globe due to the increase in population, urbanization, and
increased demand for economic development. 14% of the global GDP has been spent on
infrastructure development which accounts for $9.5 trillion in 2015. However, there is a global
gap of $5.5 trillion between the spending’s and the infrastructure needs (McKinsey&Company,
2017). The transportation infrastructure is build considering the historical climate data and extreme
weather events, with some margin of safety. In the United States alone, there is $1.2 trillion gap
between the existing transportation infrastructure and their current needs (DAHL, 2019). In
addition to the existing gap, climate change is added as an extra layer of risk. A majority of the
transportation infrastructure have a design life of 50-100 years, so it is imperative to consider
future climate events and how these events will impact the investments and serviceability of the
infrastructure components.
The climate change impacts are clearly visible in the form of severe storms, changes in the
precipitation patterns, increased temperatures, melting of glaciers, rise in sea level, warming of
oceans, more droughts and heatwaves etc., These impacts have already been exposed the
vulnerabilities of our existing infrastructure and the potential for severe damages in developed
areas. There is a significant increase in the number of billion-dollar weather and climate-related
9

disasters across the world. In the year 2018, the U.S has experienced 14 separate billion-dollar
weather and climate-related disasters and the average number of billion-dollar events had doubled
during the period 2016-2018 compared to that of the long term average(Smith, 2019).
Climate change can impact various modes of transportation in numerous ways.
Impacts on Roadways:
•

Higher temperatures can lead the pavements to soften and expand resulting in the formation
of potholes and ruts. These impacts are particularly important in high-traffic areas.

•

Heat waves could potentially disrupt construction activities and it significantly increases
the cost of construction and maintenance.

•

The future climate projections indicate that there will be high-intensity short duration
rainfalls because of which flooding occurs which ultimately results in disrupting of traffic,
delayed construction activities, decreased soil stability resulting in washing away of
culverts(Schwartz et al., 2014).

•

The freeze-thaw cycles reduce the life expectancy of roads and highways because of the
stress induced by snow and water and increases the maintenance costs.

•

Coastal road infrastructure is particularly vulnerable to coastal flooding because of sealevel rise and storm surges.

•

A decrease in snow fall because of warmer winters is advantageous in some regions
resulting in cost savings and increased mobility.
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Impacts on Railways:
•

Higher temperatures can lead to buckling of rail tracks, and the increased heat waves could
lead to speed restrictions.

•

Increased precipitation leads to flooding, and these floods could leave the debris on the
tracks resulting in disruptions of rail transportation. The damages caused by flooding may
require rising level for future projects.

Impacts on Air Transportation:
•

Flooding results in delays of aircrafts and closure of airports, and damages airstrips.

•

The foundation of the airstrips that are built on permafrost soils are severely affected by
the warmer temperatures (Schwartz et al., 2014).

The transportation infrastructure and its functioning are vulnerable to varying extreme weather
events like temperature variations, rainfall, snow, wind, fog, sea-level rise, freeze-thaw,
thunderstorms, etc. The impacts of climate change occurring at one location can affect directly or
indirectly at other locations and transportation networks, particularly in the case of multimodal
transportation.
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The climate change impacts on transportation networks are summarized below:
Table 1-1 Impact of Climate Change on Transportation Network

Climate Parameter

Impacts

Precipitation

Flooding of roads and highways, road
closures, re-routing, Reduced speeds, delays,
loss of control and uneven breaking, pressure
on tires and traction, reduced visibility

Temperature

Stresses on infrastructure components and
vehicles, reduced speeds, decomposable
cargos, rail buckling

Sea level

Infrastructure damage, disturbance in supply
chain network, roads, and railway closures

Thunderstorms

Infrastructure damage, loss of control, effect
on visibility, delays, and collisions because
of rock sliding

Visibility

Reduced speed, collisions, delays, re-routing

Winds

Re-routing, blow-overs, loss of control
because of vehicle instability, blocking of
roads and rails

The impacts of climate change vary across the modes of transportation, the conditions at which
the extreme event is occurring, and its geographical location.
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The funds allocated by various financial institutions across the world to fight climate change is for
both mitigation and adaptation. Since these funds are limited, and it is a concern for the developing
countries to identify the climate threats, plan proper mitigation and adaptation plans and implement
these plans within the available funds. Although there are many studies that tried to identify the
impacts on the physical assets, (Chinowsky et al., 2013) investigated the cost of climate change
for road infrastructure of the African Continent from an infrastructure investment point of view.
This study examines the transportation policies and answers whether they can postpone their
adaptation strategies (Chinowsky et al., 2013). The frequency, duration, and severity with which
the future extreme events occur will have a severe impact on the transportation infrastructure assets
and the sector’s functioning, operation, and maintenance. The climate change impacts could cause
$3.1 billion in Ethiopia through 2100 if the temperature, precipitation, and flooding are considered.
However, these costs can be reduced by 54% if proper policies are made such that they consider
climate change impacts (Chinowsky et al., 2013). This study focused on the impacts of temperature
and precipitation on paved and unpaved roads. Two policy scenarios were developed and analyzed
for future climate projections. The adapt scenario considers that for all the newly developed roads
the design and maintenance standards are upgraded with respect to the future climate projections
and on the contrary, the no adapt scenario does not consider the future climate changes and
continues to build on the established standards. (Chinowsky et al., 2013) concluded that the
African continent can save 74% of costs if they include the adaptation strategies in their policies.
Hence, effective mitigation policies in developing countries minimize the fluctuations in climate
outcomes leading to appreciative economic results (Arndt et al., 2019).
The focus has shifted from mitigation to adaptation and building a resilient infrastructure because
of the unavoidable changes in climate change (Kwiatkowski and Chinowsky, 2017). Majority of

13

the transportation infrastructure agencies and state institutions are considering climate change
adaptation strategies in their policies. However, the implementation of these strategies at the
ground level is minimal. The primary reason for not implementing these strategies is the lack of
understanding and guidance on how to implement these across the organizational processes and
the secondary reason is the lack of tools to assess the vulnerability and criticality of the
infrastructure. The initial adaptation strategies that were implemented overall focused on the
national level but not specific to transportation infrastructure. The focus should move now from
the national level to the local level to visualize the actions and results. The factors that are critical
in implementing the climate change adaptation strategies at the organization level are leadership
and executive support and the factors that are critical at the technical level are long-term planning
and enterprise risk management. This reveals the fact that a bottom-up approach plays a crucial
role in developing tools and a top-down approach helps in providing the direction for
implementing those tools.
The initial studies of impacts of climate change focused on comparing the historical disasters and
their severity with future predicted climate changes and their impacts. This trend changed its
direction by studying the specific impacts of rain, snow, temperature variations, fog, wind, and
coastal flooding on roads (Schweikert et al., 2014). The recent studies focused on analyzing the
impacts of climate variables that are specific to the geographic region under study.
Roads serve as a backbone for livelihood and facilitates many other benefits such as access to
education, healthcare etc. The future development of many under-developed and developing
countries are ceased particularly in countries where the existing infrastructure is unable to serve
the current needs. The governments are not able to make concrete decisions on their infrastructure
investment options because of the threat posed by climate change. African development bank had
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allocated $40 billion per year for African countries to fight against climate change (Chinowsky
and Arndt, 2012). These costs correspond to the implementation of both adaptation and mitigation
strategies. The major challenge faced by the developing and under-developed countries is that the
available funds are limited. Within these available funds, it is a challenging task to identify the
climate change treats, prepare short-term and long-term strategies, and to implement them.
The road infrastructure’s primary function is providing connectivity, accessibility, and reliability
in all countries, and this is particularly important in rural areas. Their primary means of
transportation is by roads which serves as a mean for social welfare and economic growth. The
preliminary consideration for the policy makers is to provide year-round drivability, irrespective
of the type of road. But climate change is posing a serious threat with the increased frequency and
severity of extreme weather events resulting in the damage of roads. Therefore, to identify the
roads that are sensitive to climate change, mapping tools such as GIS helps to identify the critical
roads. By plotting the future climate change projections and identifying the road networks in the
area that will be severely impacted should be prioritized for investments. The impacts of extreme
events are severe in rural areas because of the lost connectivity, and these impacts increases the
cost of repairs, maintenance and decrease the design life (Schweikert et al., 2014).
There are numerous infrastructure management tools developed aimed at improving pavement
management strategies and investment strategies. One such tool is HDM-4 model which was
developed by the World Bank. Although these tools focus is on pavement management, they
completely ignore climate change considerations (Schweikert et al., 2014). Other tools such as
Climate Change Adaptation Tool for Transportation (CCATT) incorporated climate change, but
the inputs focused on too much level of detail. The primary drawback of these tools is that they do
not analyze the monetary impacts of various climate change scenarios on the road infrastructure.
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2.2 Infrastructure Planning Support System (IPSS)
The Infrastructure Planning Support System (IPSS) is one software that incorporates a triple
bottom line framework into the analysis, thus serving as a support system for long-term
infrastructure planning. IPSS helps in determining the cost of climate change under two unique
scenarios (Schweikert et al., 2014). The proactive approach or adaptative strategy helps to build
resilient road infrastructure by upgrading the design standards to withstand the climate stressor
impacts. The reactive or no adaptative strategy continues to expand their road infrastructure based
on their established standards and reacts to the impacts of climate change by frequent repairs and
maintenance activities. However, the end goal of both strategies is to maintain the design life of
the road. The reactive approach cost will be calculated as the increase in repair and maintenance
costs due to the impacts of climate change to maintain the design life of the road, whereas the
proactive approach costs will be computed as the additional costs required to upgrade the road
infrastructure to withstand the climate change impacts. It is impossible to upgrade all the road
infrastructure at once, so IPSS assumes an upgrade will be based on the road classification. It
classifies the roads into paved, unpaved, and dirt roads, and the annual adaptation rates are 5%,
2% and 1% respectively (Schweikert et al., 2014). IPSS reports the impact costs of both the
strategies on three metrices namely, fiscal costs, opportunity costs and regret costs. Fiscal costs
help in identifying the costs of adaptation and no adaptation, whereas the opportunity costs are the
cost of future infrastructure development that will not take place because of the current investment
in climate change adaptation practices. Regret cost is the amount of money lost when we
implement the adaptation and no adaptation strategies, and the climate change does not occur.
Espinet et al., 2016 evaluated that the ongoing temperature-related maintenance practices for
paved roads account for 36% of the total maintenance costs, and precipitation-related maintenance
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practices account for 4% of the costs. The damage created by floods on roads is calculated based
on its return period. The floods that rise and recede gradually do not have a greater impact on the
damage of roads whereas the running flood water creates huge damage, where the cost of
maintenance and repairs is close to the cost of new road construction.
A flood with a 100-year return period damages the paved roads by 10% and unpaved roads by
30% (Chinowsky and Arndt, 2012). The repair and maintenance costs vary based on the road type
and classification. Even though there are high initial costs involved in the adaptation, the benefits
outweigh the initial costs of adaptation by developing resilience (Chinowsky and Arndt, 2012).
The stressor-response methodology was implemented by (Chinowsky et al., 2013) focuses on
providing quantitative estimates rather than qualitative estimates. The cost of climate change was
computed as the total length (kilometers) of the road degraded prior to its design life and the cost
of repair and maintenance costs with respect to the future impacts.
The drawback of this methodology is that all the road types are treated homogenously in
determining the climate change impacts. There are various design standards, varying construction
procedures and maintenance practices depending on the type of road. The load-carrying capacity
and the vehicular traffic were averaged out, which is the secondary drawback in this method.
2.3 Advances in risk assessment in climate change adaptation policy
A substantial number of risk assessment methods have been developed to identify the risks in road
infrastructure with respect to climate change. There is a significant number of uncertainties
involved in the future climate projections and hence the estimation of these consequences.
However, there is a need for constant decision making and development of the road infrastructure.
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Therefore, the authorities need to estimate the effects of climate change and take necessary actions
to upgrade the design, construction, and maintenance practices of the road network.
Climate change is a huge societal challenge, and it differs from other environmental issues that
humanity is dealt with in terms of its temporal scale and its dynamic relationship between humans,
established social structures, and evolving environmental system interactions. Therefore,
assessing climate vulnerabilities across sectors and in a way that decision-makers can understand
is thus a huge scientific challenge. Authorities are under continuous pressure to make policies on
climate change that overlap with several other policy domains and have immediate, short-term
impacts as well as potentially more significant, long-term benefits (Wang et al., 2020).
Risk assessment comprises of both formalized methods and techniques for defining and evaluating
risks, from everyday actions such as wearing a jacket whenever there is rain in the forecast, to
important decisions including where people live, migrate, or invest their funds. In general, risk
assessment is a procedure for determining the type and magnitude of a risk. Typically, any risk
assessment is carried out with a specific goal in mind to inform a definite decision or action. This
usually involves risk measurement, which allows for an evaluation of different risks and a
knowledge of potential consequences, which is often represented through models or scenarios
(Wang et al., 2020). Therefore, risk assessments have become common practice in public
administration, businesses, and in other organizations to direct their decisions based on an
assessment of the consequences, as well as prioritizing their efforts to mitigate the consequences.
Most of the decisions related to policy making in governments are focused on risk management
and prioritization, through the implementation of standard norms and recommendations to limit
the likelihood of adverse outcomes. Therefore, to interpret them based on current knowledge,
scientific research is necessary.
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Many public institutions and private entities have adopted formal risk assessments of climate
change impacts due to the diversity of techniques and the complexities in risk assessment.
2.4 Adaptation investments for transportation infrastructure resilience
It is a well-known fact that temperatures, sea levels, and extreme weather events have all increased
in recent decades. Along with these, urbanization and increased population led to the development
of modern cities and communities that are heavily dependent on urban infrastructure systems to
function (Pregnolato and Dawson, 2018). However, these infrastructure systems were designed
and built decades ago without proper knowledge on environmental change and resilience. Hence
these systems are aging inevitably. Therefore, disruptions caused by infrastructure failures
have become more common. Long-term infrastructure resilience, (e.g., along with the ability to
resist the challenges of climate change, extreme weather patterns, and increased demand), remains
the top priority for society. Research interests have grown significantly in the vulnerability and
resilience of transportation networks; however, the long-term adaptation investments and decisionmaking are still not challenged.
In general, funding for transportation infrastructure projects in developed countries prioritizes
increasing capacity, reducing congestion, and cutting down travel times, all of which are found to
have a stronger influence on economic performance by supporting economic growth and
productivity (Pregnolato and Dawson, 2018). However, existing transportation infrastructure
investments are not evenly distributed across the globe and is driven by a number of political,
social, and economic factors. This has resulted in a regional investment bias in the United Kingdom
(Pregnolato and Dawson, 2018).
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2.5 IPCC Definition of Adaptation to Climate Change
The three primary factors that influence risk are a hazard, exposure, and vulnerability; the
relationship between these three elements determines the severity of adverse outcomes.
IPCC’s fourth assessment defines adaptation to climate change as (IPCC, 2018), “an adjustment
in natural or human systems in response to actual or expected climatic stimuli or their effects,
which moderates harm or exploits beneficial opportunities”. Unlike mitigation strategies, adaption
strategies acknowledge the current state of climate change and work to improve transportation
system resilience to protect infrastructure and operations from catastrophic damages. Early studies
of climate change and transportation-focused mostly on how to mitigate the effects of
transportation systems on climate change, such as reducing Greenhouse Gases (GHGs) from the
transportation sector to the atmosphere. Recognizing climate change is an inevitable phenomenon
that poses a threat to human well-being, the combination of climate change mitigation and
adaptation strategies tend to be more adequate rather than mitigation strategies alone. Temperature,
rainfall, wind, sea-level, visibility and fog periods, thaw, and frost are only a few of the weather
extremes that might affect transportation-related activities. Climate change impacts could be
amplified further because those posed in one site could directly or indirectly affect all aspects of
transportation networks in other regions, especially in the case of multimodal transportation.
Climate changes have serious consequences for transportation design, planning, operations,
material requirements, maintenance, network, and vehicle functionality. Climate change might
cause catastrophic damage and economic losses to transportation infrastructure. Infrastructure
repair, maintenance, and replacement are included in the direct costs, while indirect expenses could
be incurred because of loss of infrastructure serviceability and functionality.
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2.6 Risk-based Transportation Asset Management
Risk-based transportation asset management has already become a standard approach in the United
States, supporting agencies in understanding how the risk management may aid in decisionmaking (Federal Highway Administration (FHWA), 2012). The second report, issued by the
Federal Highway Administration (FHWA), evaluated risk-based asset management at various
levels of the transportation sector. The recommended asset risk management approach, which
includes policy innovation, assigning responsibilities, documenting procedures, and training at
each risk level, can be incorporated in relevant institutions (Federal Highway Administration
(FHWA), 2012). Wall et al., (2013) developed a risk- based adaptation framework for the
transportation sector by reviewing two types of adaptation planning consisting of physical
infrastructure assets and operations and maintenance. Huibregtse et al., (2016), used a risk-based
approach to evaluate climate impacts on a Dutch road network. This strategy, which is based on
the idea of finding the system's resilience, can be used in climate adaptation planning to determine
the remaining time before unforeseen events arise. Doust, (2010) presented a sustainability
framework, along with relevant modelling and visualization tools, to help planners balance
the trade-offs between governments, businesses, and communities. These methods have been
widely adopted in the construction of city infrastructure and have also proven to be useful in the
development of a suitable sustainability framework for transportation asset management. Sanchez
et al., (2014) used BIM to manage the assets of Australian transportation systems. BIM
integrates data from multiple disciplines and evaluates the sustainability of asset management
projects. It enabled transportation agencies to operate more cost-effectively by analyzing design
alternatives, tracking, and enhancing the performance of an asset (Sanchez et al., 2014). Climate
change has only recently been integrated into infrastructure management (Huibregtse et al., 2016),
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and only a few agencies have incorporated changes in their organizational management
procedures. (Wall et al., 2013) identified a few common roadblocks, including a lack of data,
limited financial resources, and uncertainty about future system demand. To quantitatively
evaluate the consequences of climate change on transportation infrastructure, more comprehensive
and robust asset management methodologies are required. It is recommended that transportation
agencies adapt to common and consistent procedures, widely acknowledged risk standards, to
better implement asset planning in future climate adaptation.
2.7 Climate Change Adaptation in Transportation systems
Effective climate change strategies must be developed to successfully address the risks posed by
climate change to transportation. There have been several research studies on monitoring,
managing, and lowering carbon dioxide and GHG emissions, as well as the decarbonization of the
transportation sector (Patterson et al., 2008). Reduced vehicle speeds and the incorporation of
technological innovations into engine design for efficient operations are among the mitigation
methods (Love et al., 2010). In comparison to the conventional carbon emission studies in climate
change, climate adaptation in the transportation sector has just recently started to be explored
(Hooper, 2013). Adaptation has long been recognized as being more cost-effective than mitigation
efforts (Pielke, 2007). More countries are recognizing the need for adaptation and implementing
it into their policies, yet the vast majority of contributions are still in the early stages of determining
climate risks (Arnell, 2010). The trade-off between adaptation and mitigation was explained by
(Koetse and Rietveld, 2012). The cost-benefit analysis determines the best investment amounts for
the two choices. Ignoring or postponing adaptations in decision-making can harm not only the
effects of climate change but also the benefits of mitigation. Due to the significant interdependence
of optimal mitigation and adaptation, a possible question that needs to be addressed in
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policymaking is how to efficiently balance the two strategies, as mitigation is typically addressed
at a global scale, while adaptation occurs at local levels (Koetse and Rietveld, 2012). Physical
infrastructure (e.g., pavements, bridges, and drainage systems) is the focus of contemporary
climate change adaptation research (de Bruin et al., 2009). (Dobney et al., 2009) assessed the
effects of rising summer temperatures on British railways and proposed two adaptation measures:
assuring a stress-free rail temperature and appropriately maintaining track and track-bed.
Despite these early efforts, comprehensive literature assessments reveal that current climate
adaptation research in the transportation industry is still scarce (Wang et al., 2020). Lack of
financial resources to implement adaptation plans into action is extremely difficult (Miao et al.,
2018). The fact that adaptation plans have a stakeholder orientation, involving many parties
(public, private, and households), actions, and authorities, may also contribute to their
implementation failure (Nelson et al., 2007). Developing strategies that are accepted by all
participants is challenging (Eisenack et al., 2012)
In Europe, for example, most adaptation initiatives aim to strengthen short-term resilience rather
than long-term strategies (Aparicio, 2017). Hence, the present transportation funding and planning
do not sufficiently address the effects of climate change. To begin with, given the growing pace of
climate change and catastrophic climate events, the irreversible infrastructure investments may fail
to achieve their projected benefits and profitability under the new climate conditions. Second, short
planning cycles (usually 5–10 years) do not correspond to the physical infrastructure lifespans
(often more than 50 years), resulting in transportation network failure (Kintisch, 2008).
2.8 Risk Assessments for Climate Change for Transportation Infrastructure
In recent years, several different approaches and procedures for assessing transportation system
vulnerabilities in the face of climate change concerns have been developed. These research
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studies not only include environmental impact assessments (Neumann et al., 2015; Tonmoy and
El-Zein, 2018), but also focuses on economic analysis of climate risks and adaptation costs.
Several regional studies have been developed in recent years through the use of multi-decision
models. Neumann et al., (2015) evaluated the effects of climate change on bridges, roads, urban
drainage infrastructure, and coastal developments in the United States. To assess vulnerabilities
and the effectiveness of associated measures, four models were developed. (Kim et al., 2018)
suggested a regional travel demand model to assess the risks of floods on an urban transportation
system in the United States by utilizing travel demand data to estimate future evacuation and
sheltering needs. To compare the costs of “adaptation” and “non-adaptation” to climate change
strategies, a stressor-response approach was proposed (Schwartz et al., 2014; Twerefou et al.,
2015). (Schweikert et al., 2015) calculated the cost of climate change in South Africa by combining
over 50 general circulation models. (Twerefou et al., 2015) calculated the economic impact of
climate change on Ghanaian road infrastructure. As a result of this analysis, the question of
whether lowering decadal expenses or increasing initial costs should be prioritized in the future is
answered.
The 5th Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) indicates
clearly that the climate system is warming (IPCC, 2014), and this is driving the increase in the
number of Extreme Weather Events (EWEs) around the world (IPCC et al., 2014). Climate change,
for example, increases the probability of the August 2016 floods in Louisiana by a factor of 1.4,
the May/June 2016 floods in France by a factor of 2.3 (Seine) and 2.0 (Loire), and the July 2015
heat waves in Europe by a factor of approximately 2 (Munich, 2017). Thus, it is critical that we
not only reduce global emissions but also begin to take steps to improve society's and people's
resilience to future climate change. The vulnerability of a country's Critical Infrastructure (CI)
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systems to natural disasters and extreme weather events now and in the future is a major component
in defining a society's climate change resilience. It should be highlighted that the research does not
agree on which infrastructure assets are critical. Transportation, Water and wastewater, Energy,
Information, and communication technology infrastructure can be considered as critical
infrastructure because without which the society cannot function.
Many studies have been conducted to comprehend the risks of climate change for CI in the
European context (Dawson, 2017; Wallingford, 2014), as well as at other international levels.
These studies vary widely from a qualitative and semi-quantitative risk analysis (Dawson, 2017;
Vonk et al., 2015; Wallingford, 2014 ) to fully quantitative risk analysis (Dawson, 2017; Melillo
et al., 2014; Wallingford, 2014). Fully quantitative risk analysis outperforms other methodologies
by offering better insight into climate change impacts and even the effectiveness of climate
change adaption options (Ryan and Stewart, 2017). Notably, conducting a comprehensive
quantitative climate change risk analysis for CI is not simple, as it requires knowledge of system
functionality, asset level vulnerability, accurate hazard modelling, high-resolution climate change
predictions, quantification of failure consequences, and high- level details of uncertainties at every
step of the modeling process. Because of these practical challenges and the need to devote
significant resources for even a tiny segment of the CI network, detailed quantitative risk analysis
in the research seems to rely on a specific infrastructure sector, which is generally exposed to a
single climate threat (Dikanski et al., 2018; Pregnolato et al., 2017). Some studies have gone
deeper, such as (Koks et al., 2019)'s a thorough investigation of the sensitivity of transportation
infrastructure to several natural hazards (without climate change). Wang et al., (2018) developed
a fuzzy Bayesian model to conduct a climate change risk analysis on UK railway systems,
considering future projected temperature, precipitation, windstorms, and sea-level rise. Bles et al.,
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(2016) used RIMAROCC framework (Risk Management for Roads in Climate Change) and
commissioned ROADAPT project. This risk-based approach prioritizes the risks that needs
immediate attention by addressing the cause, effect, and consequence of various weather events.
2.9 Research Gap and Potential: Implementing PIEVC Protocol for The Town of Essex
For decades, engineers have designed long-lasting, safe, and reliable infrastructure using
standards- based on historical data. These stationary datasets are currently being altered due to
climatic conditions, which must be considered by the design experts. While projections lack the
clarity and consistency of historical data, applying historical data without considering climate and
other factors that affect design parameters is incorrect. Existing design practices are challenged
because of this. PIEVC is a broad Canadian programme that systematically examines the major
implications of infrastructure vulnerability to climate change from an engineering approach.
There are a wide variety of risk assessment frameworks to analyze the impacts of climate change
on transportation networks, however most of the studies focused on ports and rail networks. There
are studies focused specially on road networks. However, these studies are at a broad level focusing
on the whole nation’s road network. Vey limited number of studies are available on road networks
at a local level, and these are focused primarily on coastal flooding and storm surge analysis. There
are very limited studies focused on assessing the risks of all the infrastructure components of the
road network, and hence there is a need to focus on assessing these risks.
The Public Infrastructure Engineering Vulnerability Committee (PIEVC) has created a
standardized approach for evaluating the climate change vulnerability of Canada's public
infrastructure. The methodology has been tested and calibrated on a variety of infrastructures
across Canada. The Protocol lays out a detailed documentation structure to guarantee that
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assumptions, constraints, and the application of professional judgment are all adequately recorded
so that the assessment can be revised in the future.
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CHAPTER 3
CLIMATE CHANGE VULNERABILITY FRAMEWORKS
3.1 General
This chapter presents in detail the four most adopted frameworks that assess the vulnerability of
infrastructure, particularly road infrastructure, due to projected future climate changes. They are:
•

Federal Highway Administration (FHWA’s) Climate Change and Extreme Weather
Vulnerability Assessment framework

•

Risk Management for Roads in a Changing Climate (RIMAROCC) framework

•

AS 5334 – 2013 - Climate change adaptation for settlements and infrastructure

•

Public Infrastructure Engineering Vulnerability Committee (PIEVC)

3.2 Federal Highway Administration (FHWA’s) Climate Change and Extreme Weather
Vulnerability Assessment Framework
The Federal Highway Administration (FHWA’s) Climate Change and Extreme Weather
Vulnerability Assessment Framework is used to assess the impacts of climate change on road
infrastructure. There are six main components to the vulnerability assessment framework as
described below:
•

Articulating Objectives and Defining Objectives and Scope

•

Obtaining Asset Data for the Assessing Vulnerability

•

Obtaining Climate Data for the Assessing Vulnerability

•

Assessing Vulnerability

•

Identifying, Analyzing, and Prioritizing Adaptation options

•

Incorporating Assessment results into decision making
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3.2.1 Articulate Objectives and Define Study Scope
Setting out objectives and determining the scope of the assessment are the first steps in conducting
a vulnerability assessment. Setting a clear study focus helps to confine the vulnerability
assessment, reducing the amount of unwanted data collecting and analysis. Most agencies will not
be able to analyze every asset in a transportation system due to time and budget restrictions.
Similarly, not all future climate changes will have a major impact on local and regional
transportation networks. The FHWA framework explains how to identify the assets and climate
variables to focus on while conducting the vulnerability assessment. This provides detailed
information on the types of climate variables that could affect transportation systems, as well as
how to assess asset sensitivity to those variables.
3.2.2 Obtaining Asset Data for the Assessing Vulnerability
The vulnerability assessment's research objectives and scope decide which asset data must be
collected. Transportation agencies are likely to keep track of and preserve data on important assets
like roads and bridges, which are usually the focus of a vulnerability assessment. There may not
be readily available data for smaller assets and supporting structures such as culverts. Different
stakeholders, such as local governments and institutions, can work together to identify all existing
data, thus, reducing the need for additional data gathering. The Framework outlines the kind of
assets and asset characteristics that can be used to collect data, as well as the best practices for
doing so.
3.2.3 Obtaining Climate Data for the Assessing Vulnerability
Information on how to gather data on future climate projections can be found in a variety of
sources. Starting with a basic method to get climate data and then providing more extensive
approaches that are suitable for in-depth assessments, this framework specifies numerous ways
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agencies may obtain projections for fluctuations in climate variables such as precipitation,
hydrology, floodplains, sea level, and storm surge.
3.2.4 Assessing Vulnerability
In the transportation context, vulnerability is defined as the sensitivity of a transportation asset or
system to climate effects, as well as its exposure to extreme weather and climate effects and
adaptive capability. Three different methodologies to evaluate vulnerability are outlined in the
framework. The first two approaches, stakeholder input and indicator-based desk review are
commonly applied for system or area assessments, whereas the third approach, engineeringinformed assessment, focus on an individual transportation asset. Vulnerability assessments
combine components from each of these three approaches. Thus, they do not have to be mutually
exclusive.
3.2.5 Identifying, Analyzing and Prioritizing Adaptation options
After identifying and analyzing vulnerabilities, an agency might prioritize adaptation solutions.
These solutions can be site-specific or regional in scope. The Framework outlines two methods
for evaluating adaptation alternatives: Multi-criteria analysis (MCA) and economic analysis. MCA
involves weighing the advantages and disadvantages of various adaption choices based on a variety
of qualitative and quantitative factors. MCA has the advantage of allowing practitioners to
consider issues that are difficult to quantify or value in monetary terms, such as environmental or
community impacts. Because an economic analysis clarifies the long-term costs and advantages
of alternative adaption strategies, it can assist agencies in evaluating and prioritizing their
alternatives. It can calculate costs and benefits in a way that allows options to be evaluated
independently, as well as to existing policies and practices.
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3.2.6 Incorporating Assessment results into decision making
It is important to implement the study results in practice by incorporating them into existing
transportation programs and operations. The framework outlines ways for incorporating these
results successfully into transportation planning and asset management.
3.2.7 Monitor and Revisit
Climate concerns are becoming more understood with time. As a result, preparing for the effects
of extreme weather and climate changes is an iterative process that necessitates monitoring and
evaluation. Monitoring and evaluation methods should be established by agencies to examine the
success of adaption plans and other initiatives developed in response to assessment findings.
Agencies may need to reassess their vulnerabilities when new climate data becomes available in
the future.
3.3 Risk Management for Roads in a Changing Climate (RIMAROCC) framework
This framework was widely adopted in European countries. It was the outcome of ROADAPT
(Roads for Today, Adopted for Tomorrow) project that was funded by CEDR (Conference of
European Directors of Roads) in 2012 (Bles et al., 2016). It is intended to fulfill the shared needs
of road owners and administrators in Europe in terms of climate change risk management for roads.
The tool stresses that identifying climate threats and implementing effective action plans could
help road owners maximize their economic benefits. ROADAPT aims to provide methodologies
and tools that enable structured and reliable climate data information, effective communication
between climatologists and road authorities, a preliminary quick-scan tool for assessing climate
change risks associated with roads, a vulnerability assessment, a socio-economic impact analysis,
and an adaptation action plan. The ROADAPT project's deliverables include guidelines that cover
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all these subjects. The primary guideline provides an overview of all topics. The specific themes
are treated in depth in five succeeding parts, they are:
A. Guidelines on the use of climate data for the current and future climate
B. Guidelines on the application of a QuickScan on climate change risks for roads
C. Guidelines on how to perform a detailed vulnerability assessment.
D. Guidelines on how to perform a socio-economic impact assessment.
E. Guidelines on how to select an adaptation strategy.
The RIMAROCC framework outlines all the steps necessary to conduct climate change risk
assessment for roads. To complete the risk assessment, one must have basic knowledge about the
adverse events, their likelihood, and their consequences. There are seven main steps and 22 substeps in the RIMAROCC framework that are listed in the following table:
Table 3-1 Steps in RIMAROCC Framework

Key steps

Sub-steps

1. Context Analysis

1.1 Establish a general context
1.2 Establish a specific context for a particular scale of analysis
1.3 Establish risk criteria and indicators adapted to each scale of
analysis

2. Risk Identification

2.1 Identify risk sources
2.2 Identify vulnerabilities
2.3 Identify possible consequences

3. Risk Analysis

3.1 Establish risk chronology and scenarios
3.2 Determine impact of risk
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3.3 Evaluate occurrences
3.4 Provide a risk overview
4. Risk Evaluation

4.1 Risk prioritisation
4.2 Compare climate risk to other kinds of risk
4.3 Determining which risks are acceptable

5. Risk Mitigation

5.1 Identify options
5.2 Appraise options
5.3 Negotiating with funding agencies
5.4 Present action plans

6. Implementation of 6.1 Develop and action plan on each level of responsibility
Action Plans

6.2 Implement adaptation plan

7. Monitor, Re-plan 7.1 Regular monitoring and review
and Capitalise

7.2 Re-plan in case of new data or delay in implementation
7.3 Capitalisation on return of experience on both climatic events and
progress of implementation

RIMAROCC is used by ROADAPT guidelines as a framework for risk assessment and
management. The primary reason being, as a basic risk management framework that aligns with
ISO 30001 on risk management, RIMAROCC is well-known to road owners in Europe. In
addition, the RIMAROCC framework is a collection of distinct "building blocks" that may be
easily modified or changed depending on the situation. The ROADAPT guidelines can now be
combined with the RIMAROCC framework, resulting in a ROADAPT-RIMAROCC integrated
approach.
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3.4 Australian Framework
The aim of EP170 Climate Change Risk Assessment Methodology is to give guidance on the
baseline climate change information and assessments that must be completed to include climate
change implications into Transportation and Main Road's standard Risk Management Framework.
The risk assessment method is guided by this engineering policy. While this engineering policy
does not include advice on climate change adaptation techniques, it is backed up by the Climate
Change Risk and Adaptation Assessment Framework for Infrastructure Projects, which offers
direction on how to operationalize climate change risk assessments. In recent years, both
government and industry have acknowledged and committed to the need for a response to climate
change. Therefore, for the projects seeking federal funding, the Australian government is mandated
to consider climate change risk assessment.
Infrastructure Australia classified climate change effects into three categories. They are:
Direct Effects: These affect the assets ability to offer the intended services, and these might be
acute or chronic. An increase in devastating effects from natural hazards such as floods and rising
average temperatures that promote accelerated corrosion are examples of acute and chronic effects,
respectively.
Indirect Effects: These change the benefit flows even if the infrastructure is functioning properly.
Impact on the commercial transport of agricultural products because of changes in temperature
and precipitation is an example of indirect effects.
Transitional Risks: These are the risks that occur because of changes in technology, policy, or
public opinion in response to climate change.
The climate change risk assessment methodology consists of the following steps:
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•

Identifying key climate variables (temperature, rainfall etc.,) and its variability that
distinguishes regional climate zones.

•

Developing various climate change scenarios of different climate variables over the design
life of the intended infrastructure.

•

Identifying broader climate-related hazards that might affect the proposed works.

•

Assessing the climate change risks which includes likelihood and consequence criteria.

•

Identifying strategies to reduce, adapt, or develop resilience to the severe and high climate
change threats that have been identified.

•

Assessment of the project's residual risks, considering adaptation actions to address all high
and very high risks.

Once the climate change risk assessment is completed, the identified risks are addressed through
a standard document that provides guidance on adaptation strategies and risk treatments. This does
not limit the methods and treatments that ought to be applied instead it provides the standard
methods that can be typically applied to specific risks. Implementing specified treatment methods
helps to maintain consistency and eases the maintenance processes.
3.5 PIEVC Protocol
The Public Infrastructure Engineering Vulnerability Committee (PIEVC) protocol is a method for
evaluating the impacts of climate change on infrastructure components in Canada (Engineers
Canada, 2016). The outcome of this assessment, guides decision-makers to include climate change
adaptation into the design, construction, operation, and maintenance of the current and planned
infrastructure. The Protocol lays out a step-by-step risk assessment methodology and an optional
engineering analysis for assessing the climate change impacts on infrastructure. Natural Resources
Canada provided financing for the Protocol, which was established under the leadership of the
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Public Infrastructure Engineering Vulnerability Committee. For assessing engineering
vulnerability caused by climate change, the PIEVC protocol establishes a standardized
methodology based on several key principles. These principles are summarized below:
•

The goal is to evaluate engineering vulnerability on a system-component basis and come
up with adaptation solutions depending on the findings.

•

This assessment involves professionals from across disciplines, thus resulting in a multidisciplinary process. Since the process is based on a professional judgement it is vital that
all relevant professionals’ opinions and guidance be included in the evaluation.

•

The term "practitioner" refers to all the stakeholders involved in the assessment as defined
by the Protocol.

•

The procedure is focused on achieving the desired outcomes. The focus is on developing
practical techniques to solve the infrastructure vulnerability challenges within the limits of
a set time and budget. Due to tight deadlines and limited budgetary resources, the overall
assessment's soundness may be compromised.

•

The Protocol specifies that documentation is done in such a way that future reviews of the
infrastructure may be done, allowing future teams to improve the evaluation with the latest
information.

•

Expert opinion and professional judgment are not quite the same.

PIEVC protocol provides a framework to evaluate the engineering vulnerability of the
infrastructure components and determines relevant adaptive actions to mitigate the identified
vulnerability.
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This protocol defines vulnerability as “the degree to which a system is susceptible to, or unable to
cope with, adverse effects of climate change, including climate variability and extremes.
Vulnerability is a function of the character, magnitude, and rate of climate variation to which a
system is exposed, its sensitivity, and its adaptive capacity” (Engineers Canada, 2016).
Vulnerability refers to all the possible impacts of climate change on an infrastructure system. This
covers not only impacts on the system's serviceability and operation but also wider socioeconomic
and environmental consequences. This broad term encompasses a wide range of characteristics
that may or may not be within the scope of the infrastructure owner and management professionals.
The complete vulnerability assessment would require a diverse set of expertise, including not just
engineering and climatic knowledge, but it also requires social scientists, economists, several
levels of government, and a huge number of external stakeholders. Most infrastructure owners and
operators do not have the resources to do such research. Infrastructure owners need to take a more
targeted approach in determining which risks fall under their control. This enables them to devise
a successful adaption plan for elements under their control within their budget.
Engineering vulnerability is a type of vulnerability that focuses on the infrastructure's structural
and operational elements. This protocol defines engineering vulnerability as: “The shortfall in the
ability of public infrastructure to absorb the negative effects and benefit from the positive effects,
of changes in the climate conditions used to design and operate infrastructure” (Engineers Canada,
2016).
Engineering vulnerability is a subset of vulnerability that usually excludes elements beyond direct
management control. While the evaluation of engineering vulnerability may reflect the broader
range of socioeconomic effects, it remains focused on developing adaptation strategies that are
directly relevant to the infrastructure system. The assessment process may uncover broader
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concerns, but it usually leaves it up to experts in follow-up studies to build adaptive measures to
those challenges. The concept of engineering vulnerability includes a component of prediction.
The practitioner is expected to predict both the exposure of the infrastructure to climate change as
well as how the infrastructure will react to those changes.
Risk assessment is a term used in engineering to describe the assessment of the likelihood of hazard
occurrences and the consequences of such occurrences on engineered systems. Risk in this
protocol is defined as “The possibility of injury, damage, loss, loss of function, or negative
environmental impact created by a hazard. The significance of risk is a function of the probability
of an unwanted incident and the severity of its consequence” (Engineers Canada, 2016).
By the very definition of engineering vulnerability, clearly indicates that it is a physical
phenomenon. Therefore, it is important to understand that risk is used as a measure of engineering
vulnerability in this protocol.
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The relationship between vulnerability, engineering vulnerability, and risk assessment is depicted
below:

Figure 3-1 Vulnerability, Engineering Vulnerability and Risk Assessment

Engineers have always designed infrastructure based on historical climatic data records. This
historical data may no longer be relevant in the context of climate change since it fails to reflect
the patterns that climate change might bring. This might lead to a more difficult operating
environment for which the infrastructure was not built and hence Infrastructure is at risk. It is
possible that the current infrastructure isn't resilient enough and the new infrastructure won't have
enough load-bearing capacity and adaptability. The following factors need to be evaluated to
assess the climate change infrastructure vulnerability:
•

The infrastructure
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•

Past, present, and future projected climatic conditions

•

The response of infrastructure to historical and future projected climate conditions

The PIEVC Protocol is comprised of two modules. The first module is the vulnerability assessment
module comprising of five steps and the second module is the triple bottom line module consisting
of six steps. The first three steps are common in both modules.
The vulnerability assessment module explains how climate change and infrastructure components
interact with each other to create vulnerability. These steps are summarized below:
•

Step 1: Project Definition

•

Step 2: Data Gathering and Sufficiency

•

Step 3: Risk Assessment

•

Step 4: Engineering Analysis

•

Step 5: Conclusions and Recommendations
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Figure 3-2 PIEVC Protocol (Adapted from PIEVC Protocol, 2020)

3.5.1 STEP 1: Project Definition
Setting the project's basic boundary conditions is the first step in implementing the PIEVC
Protocol. The general description of the infrastructure to be evaluated as well as its important
attributes such as its location, historical climate, age, life cycle and other known concerns are
identified from the relevant documents and other sources of information.
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3.5.2 STEP 2: Data Gathering and Sufficiency
This step builds on step 1 and narrows down to answer the following:
•

Which components of the infrastructure will be evaluated?

•

Which climate variables will be taken into account?

The infrastructure elements that will be considered in the evaluation include, but are not limited to
the following:
•

The number of physical components and their locations.

•

Materials used for construction.

•

Age of the infrastructure.

•

Prominence within the region served.

•

The physical condition of the components.

•

Previous failures are resulting in service disruptions.

•

Existing and historical operation and maintenance practices.

•

Insurance Considerations.

•

Policies and Guidelines.

•

Regulatory settings and legal considerations.

The climate information applicable for the assessment and various sources from which climate
information can be gathered but are not limited to:
•

Government Agencies (Environment Canada)

•

Intensity duration and frequency curves

•

Regional specific climate models and scenario development (IPCC)

•

Airport weather information for wind patterns
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•

Historical weather events (Reports from ministry)

•

National building code of Canada

•

Others as appropriate

3.5.3 STEP 3: Vulnerability and Risk Assessment
The step begins by determining which infrastructure (assets or components) is impacted by the
specified climatic factors; this reduces the number of “climate-infrastructure interactions” that
must be examined. These climate-infrastructure interactions are established in the context of
specific response considerations, such as structural performance, operational implications, and
functional loss.
The protocol defines risk as a product of probability rating and severity rating.
𝑅𝑖𝑠𝑘 = 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 × 𝑆𝑒𝑣𝑒𝑟𝑖𝑡𝑦
The probability rating can be defined as the likelihood of a climatic event occurring over a certain
threshold and the severity rating as a score indicating the severity of the impact on the
infrastructure asset or component if a climatic event occurs.
To create a baseline, risks are assessed under prevailing climate conditions; future risks are
evaluated by considering future climate changes and the infrastructure's projected condition. The
identified interactions are assessed using professional judgment. The assessment procedure in a
PIEVC Protocol application does not require that all interactions be evaluated further. In practice,
many of the interactions considered will be dropped off from further investigation. Some
interactions may appear to pose no or minimal risk. Some interactions may clearly reveal a high
risk and the need to act right away. Those interactions that do not provide a clear response
indicating vulnerability may be the focus of a more thorough investigation. The decision to
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perform engineering analysis is primarily influenced by the funds allocated, the depth of
evaluation required, and project schedule limitations.
3.5.4 STEP 4: Engineering Analysis
This is an optional step and is performed on the interactions that require detailed assessment.
The Protocol includes equations that lead the practitioner to evaluate the total load and capacity of
the infrastructure based on numerical analysis. The numerical analysis identifies whether the
infrastructure can withstand the future projected loads or not.
•

When the total projected load surpasses the total projected capacity, the vulnerability
exists.

•

When the total projected load is below the total projected capacity, the adaptative capacity
exists.

The Protocol guides making recommendations depending on the practitioner's engineering
analysis.
3.5.5 Step 5: Recommendations and Conclusions
Step 5 directs the practitioner to provide suggestions based on the work done in Steps 1 through 4.
In general, the recommendations will fall into one of five categories:
1. Remedial actions are required to upgrade the infrastructure
2. Management action is required to respond to changes in the infrastructure capacity.
3. Monitoring infrastructure performance and evaluating later.
4. No further action is required
5. There are data gaps or data quality issues that need to be addressed.
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Step 5 also requires the practitioner to develop an overall statement of infrastructure's resiliency
or vulnerability.
There may be additional recommendations or conclusions, such as a need for future work or areas
that were excluded from the current evaluation.
The infrastructure owner must determine whether to conduct a triple bottom line (TBL) study at
this point of the project. By performing a risk assessment based on TBL, risk mitigation
alternatives and recommendations can be generated by balancing technical, social, and economic
factors.
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CHAPTER 4
REVIEW OF THE FRAMEWORKS
Climate change has an influence on the operation and performance of a broad range of
infrastructures, necessitating new or altered designs. Adaptation implies minimizing risk and
vulnerability, identifying opportunities, and increasing capacity, to deal with climate-related
threats and implementing policies into actions. To determine needs and effective adaption
solutions, adequate information on risks is essential. Addressing adaptation needs involves a
review of the variables that identify climate risks and vulnerabilities, as well as a review of riskreduction strategies. There are several frameworks for determining adaptation requirements,
including the risk-hazard framework and the social vulnerability framework. Natural hazards and
other climatic impacts on physical and biological elements at a specific area are the focus of the
risk-hazard framework, whereas the social vulnerability framework focuses on how various factors
build the socioeconomic conditions that put people at greater risk. To increase a system's resilience
adaptation strategies are necessary. The Intergovernmental Panel on Climate Change (IPCC)
defines resilience as: “The ability of a social or ecological system to absorb disturbances while
retaining the same basic structure and ways of functioning, the capacity for self-organization, and
the capacity to adapt to stress and change” (IPCC, 2018). Road infrastructure adaptation initiatives
should ultimately aim towards a more robust system that can withstand future climate-changerelated disasters.
There are numerous climate change adaptation frameworks available that focuses on transportation
infrastructure. A brief explanation of these frameworks is explained in the earlier sections. A
critical review of these frameworks is explained in this section.
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The PIEVC protocol was widely accepted and used in Canada for infrastructure vulnerability
assessment and adaptation to changing climate. Natural Resources Canada provided financing for
the Protocol, which was created under the guidance of the Public Infrastructure Engineering
Vulnerability Committee (PIEVC). Engineers Canada formed the PIEVC national steering
committee in 2005. The Protocol examines historical climate data to project the nature, severity,
and likelihood of future climate changes and occurrences. It also determines an individual
infrastructure's adaptive capability based on its design, operation, and maintenance. An estimate
comprising of the degree to which an infrastructure’s component is being impacted is included to
identify the components with greater risk and the nature of the threat from climate change impact.
This information may be used to make sensible engineering decisions about which components
need to be adapted and how they should be adapted, such as design modifications or changes to
operating or maintenance procedures. Since 2008, the Protocol has been used in Canada to assess
climate risks and vulnerabilities in a variety of infrastructure systems, including buildings
(residential, commercial, and institutional), storm water/wastewater systems, roads, and associated
structures (e.g. bridges and culverts), water supply and management systems, electricity
distribution, and airport infrastructure. As of January 2021, more than 70 infrastructure risk
assessments have been conducted.
The Federal Highway Administration’s (FHWA’s) Vulnerability Assessment and Adaptation
Framework is a handbook designed to assist transportation agencies and their partners in assessing
the vulnerability of transportation infrastructure and systems to extreme weather and climate
events. It can also aid organizations in incorporating climate change adaption concerns into
transportation planning. For performing a vulnerability assessment, the framework provides an indepth and standardized process. This framework was widely adopted since 2010 across various
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counties by different organizations such as the State department of transportation (DOT’s),
metropolitan planning organizations (MPO’s), and other agencies involved in building, operating,
and maintaining transportation infrastructure.
IPCC states that “warming of the climate system is unequivocal, as is now evident from observed
increases in global average air and ocean temperatures, widespread melting of snow and ice and
rising global average sea level”. These changes are projected to have regional climatic
consequences in the future decades, including permafrost thawing, increased tropical cyclone
severity, altering tropical storm paths, and a rise in the frequency of heat waves and heavy
precipitation etc. As a result, there is a rising concern in the United States and other nations across
the globe that these changes will have severe negative consequences on transportation and civil
infrastructure systems unless authorities take proactive measures to address these concerns. To
address these growing concerns, the government institutions and other agencies responsible for
managing infrastructure investigated numerous ways to reduce the climate change impacts on
infrastructure components. Adaptation has received a lot of attention in the transportation sector
in recent years, and several structured adaptation strategies have evolved. Risk management is the
basis for most of the transportation and infrastructure sector's approach to climate change impact
analysis and adaptation planning, and this is widely accepted by the adaptation community.
Most of the transportation agencies and other institutions around the world have used their
experience with risk-based approaches to create risk-management frameworks for climate change
adaptation planning. Even though no one unified method has been developed, numerous
approaches are based on the same ideas, follow similar procedures, and face similar issues.
The adaptation frameworks can be broadly classified into two groups. Adaptation frameworks for
general infrastructure system issues, of which transportation infrastructure is one component, fall
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under the first group. These frameworks were mostly developed by local and regional government
organizations. For example, PIEVC protocol falls under this group as this protocol is widely used
for buildings, transportation assets, water resource management infrastructure, stormwater, and
wastewater systems. The following table lists the general adaptation frameworks:
Table 4-1 Risk Assessment Frameworks for Infrastructure

Framework

Country of Origin

Agency Developed

PIEVC Engineering
Protocol for climate change
infrastructure vulnerability
assessment.
Preparing for Climate
Change: A
Guidebook for Local,
Regional, and
State Governments
Infrastructure and Climate
Change
Risk Assessment for
Victoria
National Flood Risk
Assessment

Canada

United States

Engineers Canada–Public
Infrastructure Engineering
Vulnerability
Committee
(PIEVC)
King County

Australia

Victorian Government

Scotland

Scottish
Environmental
Protection
Agency (SEPA)

Risk-based adaptation frameworks that explicitly target transportation infrastructure and
management operations fall into the second group. These frameworks were usually developed by
government transportation agencies for comprehensive national-level assessments or by privatesector transportation organizations (e.g., airport, port, and rail operators) to assess their own
infrastructure and management operations. The Climate Change Adaptation Strategy and
Framework of the United Kingdom Highways Agency, for example, is meant to identify and
manage climate change risks in highway infrastructure and their agency operations. The following
table lists some of the specific transportation adaptation frameworks:
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Table 4-2 Risk Assessment Frameworks for Transportation Infrastructure

Framework

Country of Origin

Agency Developed

Climate Change and
Extreme Weather
Vulnerability Assessment
Framework
Risk Management for Roads
in a Changing Climate: A
Guidebook to the
RIMAROCC Method
Climate Change Uncertainty
and the State Highway
Network: A Moving Target
Scottish Road Network
Climate Change Study
Climate Change Risk
Assessment

United States

FHWA

European Union

ERA-NET

New Zealand

Transit New Zealand

Scotland

Scottish Executive

United Kingdom

U.K. Highways Agency

It is usually difficult to ascertain the specific underlying cause for motivating the development of
the frameworks reviewed. Some of the motivating factors might be the government laws,
initiatives by private agencies, impacts of extreme weather events etc.; the framework developed
and implemented in Australia is due to the legislation of the Australian government. The National
Climate Change Adaptation Framework, which has one objective of assessing climate change risks
to Australia's coastline, was approved by the Council of Australian Governments (COAG) in 2007.
As a result of this project, a nationwide assessment of coastal climate change threats was
developed. The Australian government also established the Department of Climate Change (now
the Department of Climate Change and Energy Efficiency) in 2007 to lead "an effective national
response and global contribution on climate change".
Extreme weather occurrences were used as indicators of future climatic conditions in some
situations, prompting the creation of adaptation frameworks. The FHWA-sponsored Gulf Coast
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studies were motivated in part by the devastating impacts of severe storms along the US Gulf
Coast.
Internal agency planning and research initiatives inspired the majority of the other adaption
frameworks. The EU's RIMAROCC framework was created by an internally driven research group
(ERA–NET ROAD) with European Commission funding. Most agencies and organizations used
existing risk-management approaches to create their adaptation frameworks. Enterprise risk
management was already a component of their existing business management operations for
independent and private-sector transportation organizations (i.e., port authorities, airports), and
climate change adaptation planning will be included into these existing practices.
The standard CAN/CSA-Q850-01 – Risk Management: Guidelines for Decision-Makers was
utilized in the development of the frameworks by the Ontario Ministry of Municipal Affairs and
Housing and National Resources Canada (NRCAN) in Canada. AS/NZS 4360:2004: Risk
Management and its succeeding standard, AS/NZS 31000:2009, were primarily used to inform
Australian frameworks. The ISO has also classified this standard as ISO 31000:2009. ISO
31000:2009 was also used to build the RIMAROCC framework in the EU.
The frameworks developed primarily focused on physical infrastructure and assets, operation and
maintenance, and organizational management.
The frameworks examined emphasized the adaptation of physical infrastructure and assets. This
form of adaptation, in general, aims to assess the impacts and vulnerabilities of existing physical
infrastructure and assets, as well as to identify and undertake efforts to reduce or mitigate climate
change vulnerabilities. For example, where runoff flows are projected to rise, a state Department
of Transportation (DOT) could replace drainage culverts with bigger structures or better maintain
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existing facilities. Most of the adaptation planning frameworks focus on infrastructure at the
system level, whereas other frameworks, such as the FHWA conceptual framework, focused on
the infrastructure at an asset or project level. Furthermore, the EU's RIMAROCC framework was
created to allow for adaptation analysis and planning at the system, corridor, and individual asset
levels by looking at several "domains of expertise" such as pavements, culverts and bridges,
geotechnics, environmental, drainages, and sea level.
The adaptation frameworks emphasized the adaption of operations and maintenance activities.
This form of adaptation aims to assess the effects of future climatic conditions on operations and
maintenance practices, as well as to develop and implement solutions to reduce such effects. An
airport operator, for example, may invest in more snow removal equipment to guarantee that
increased winter storm occurrences do not cause substantial disruptions to airport operations.
Only a few frameworks looked at the larger effects of climate change on business management.
For example, the U.K. Highways Agency considered how rising average temperatures would
influence the amount of energy used to heat and cool their offices, control centers, and outstations.
The developed frameworks' common approach was mostly identical with the principles specified
in the ISO 31000: 2009 standard, with only minor changes or enhancements to the processes,
outlined. Several of the steps were frequently changed or modified in order to fit the generic
method to the specific aspects of climate change planning based on the project requirements.
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4.1 Common Steps
4.1.1 Establishing the Context
Defining goals and objectives, gathering infrastructure inventory and projected climate data, and
forming expert panels were all part of this stage. Expert panels or expert workshops were mostly
used in the risk assessment activities across the frameworks examined.
4.1.2 Risk Identification
Identifying important climate change hazards–impacts, determining vulnerabilities within the
infrastructure system, and identifying potential climate impact outcomes were all typical steps in
this process. This usually entailed identifying regional focus areas or priorities (for example,
focusing solely on coastal sea-level rise in certain locations) as well as key infrastructure systems.
4.1.3 Risk Analysis
The characteristics of the climatic impact were given qualitative (e.g., low, medium, high) or
semiquantitative (e.g., 1 through 5) ratings in this stage. Typically, this was only the likelihood
and consequences of the risk. Other aspects of the analysis were looked at in certain instances. The
U.K. Highways Agency framework, for example, asks experts to rank (low, medium, high) four
specific risk criteria: (a) uncertainty, (b) rate of climate change (c) extent of disruption, and (d)
severity of the disruption.
4.1.4 Risk Evaluation
The risk evaluation process entails rating the risk analysis results in order to determine adaptation
priorities. This usually involves entering the results from Step 3 into a risk matrix to analyze and
prioritise the risks. On the x and y axes of a Cartesian coordinate system, risk matrices place the
variables (e.g., likelihood and consequence, criticality, and impact) associated with a climate
change impact. Risk prioritization scores are greater for events with a higher combined likelihood
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and impact than for events with lower rankings. Simple matrices with discrete low–medium–high
areas to considerably more sophisticated matrices with less discrete heat map regions or
multidimensional matrices with additional criteria are all examples of risk matrices.
In some frameworks, the steps 3 and 4 are combined into a single step called risk assessment.
4.1.5 Risk Treatment
The treatment of risk involves the development, selection, and implementation of a risk mitigation
strategy. This phase was typically divided into two parts:
Identifying, evaluating, and selecting adaptive action choices; and putting the chosen option into
action. A multistep alternatives analysis was used to identify, evaluate, and select an adaptation
action in most cases. Tables with generic classes of adaptation possibilities were included in certain
frameworks to help discover potential adaptation choices. Others gave instances of specific types
of infrastructure and advised that the impacted assets undergo a site study. The implementation
strategy and execution were broken down into precise phases in certain situations. The
establishment of a monitoring framework to collect data on climate, asset performance, and agency
operations was commonly included in the implementation process. The importance of linking
climate change adaptation planning with transportation asset management (TAM) programs was
frequently mentioned in the frameworks.
4.2 Limitations
Many agencies defined the constraints of their risk-based adaptation frameworks, as well as
internal and external obstacles that may prevent the framework from being implemented, while
addressing the development of their frameworks. These roadblocks were classified into five
categories. They are:
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•

Data Limitations

•

Treatment of risks

•

Availability of sufficient resources

•

Legal, political, and regulatory barriers

•

Uncertain future system demand

4.2.1 Data Limitation
Data limitation is the primary barrier for most of the frameworks. This data may be the
infrastructure asset data or the climate data. The infrastructure asset data limitation can be
classified into three categories based on the availability and accessibility of the data. They are:
•

Unavailable: Certain types of assets (such as culverts) have no inventory or database.

•

Inconsistent–incomplete: Datasets are either incomplete or inconsistent. They lack all
essential or relevant fields (e.g., asset condition), or only provides information for some
assets while leaving out information for others.

•

Not Easily accessed: Data that is necessary or essential may exist, but it is dispersed
throughout various divisions within an agency and must be consolidated.

The most common constraint for climate data was that the projections available to agencies for
planning purposes are not downscaled to a degree of detail suitable for local or regional decisionmaking. Some institutions also claimed that the quality of data varies in some projections.
4.2.2 Treatment of risks
The second most-often mentioned constraint or obstacle was the way risk is perceived and
classified. Most importantly, several authorities stated that defining acceptable risk levels, relevant
categories of risks, and essential risk thresholds is challenging. Furthermore, it was observed that
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connecting the current need for action with risks thought to be of long-term or distant effect was
challenging throughout the decision-making process.
The challenge of integrating risk levels into the decision-making process is complicated by the
qualitative treatment of risk, which several agencies considered. As mentioned, expert opinion and
risk matrices are used to undertake risk analysis and prioritization. Because of data limitations, it
was proven to be potentially ineffective in establishing priorities and assessing infrastructure asset
criticality.
4.2.3 Availability of sufficient resources
Inadequate financial and human resources were the third most often mentioned obstacle to
framework development and implementation. Financial hurdles were identified by agencies, who
stated that sufficient financial means were not available to undertake adaptation planning as
stipulated in the frameworks created. Several agencies also stated that sufficient financial resources
were not available to further build or enhance the adaptation planning frameworks. Agencies also
highlighted that, in addition to their other planning activities, they frequently lack adequate
manpower to perform adaptation planning. Furthermore, organizations indicated that a lack of
employees is directly connected to a lack of financial resources, as additional revenue would allow
for the hiring of extra staff.
4.2.4 Legal, political, and regulatory barriers
It was difficult for agencies to fully define their own risk without some understanding of the
climate risks faced by interdependent agencies while performing climate change risk assessments.
Private and independent transportation companies, such as airport operators and port authorities,
face substantial regulatory challenges since their financing and investment projects must be
authorized by their governing bodies.
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4.2.5 Uncertain future system demand
The ambiguity surrounding future transportation demand was cited as a challenge in assessing the
need for adaptive measures, and many agencies were compelled to make assumptions about future
demand conditions. In its master planning process, Associated British Ports, for example, estimates
throughput and cargo flow up to 2030, but notes that “it is impossible to properly foresee the
manner that world commerce and, hence, international cargo flows will change.” As a result, the
uncertainty surrounding climate change-related adaptation requirements is amplified by the
uncertainty surrounding future demand-related requirements. To simplify their study, some
agencies, such as the Australian Transport Agency, opted not to include the effects of climate
change on travel demand and land use, allowing them to concentrate on physical impacts on
infrastructure and assets.
Transportation agencies and organizations were motivated to develop adaptation frameworks by
one of three factors: (a) government acts, laws, or legislation requiring some adaptation planning
action; (b) extreme weather events seen as indicators of future conditions; and (c) self-motivated
internal agency initiatives. In other situations, the reasons were not as straightforward as they
appeared. The ISO 31000:2009 standard has been highlighted because it provides one of the most
generic risk-management systems for comparison. The following were the two most significant
discrepancies between the frameworks examined and this standard:
1. The risk analysis and risk evaluation processes were merged in certain situations to form a "risk
appraisal."
2. Many frameworks broke down the last phase (risk treatment) into many steps: identifying and
evaluating adaptation alternatives, identifying synergies with other programs, and implementing
the chosen option.
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Physical infrastructure and assets, as well as operations and maintenance, were the two forms of
adaptation planning addressed in the frameworks. However, only a few agencies and organizations
were found to have recognised the requirement for adaptation in their organizational management
practices.
Despite the limitations and roadblocks identified, it is promising that transportation authorities
have created common and consistent methods to climate change adaptation planning, based on
widely acknowledged risk standards. Because their techniques are so similar, they will be able to
share information and experiences, which will help to guide framework developed by the agencies
that are new to adaptation planning while also assisting agencies with more robust frameworks to
enhance their practices. Furthermore, while major restrictions and hurdles exist, their shared nature
among agencies allows transportation and climate experts to concentrate their efforts on a small
number of specific issues that will help the transportation sector in a big way.

58

CHAPTER 5
CASESTUDY
5.1 General
The PIEVC protocol was applied to the town of Essex in Essex County, Ontario. This Town was
chosen for the application of the protocol primarily because a weather station is in the Town and
the data is available continuously from 1980-2010 for majority of the climate variables. The Town
of Essex has a comprehensive website that explains about the Town’s infrastructure in detail and
additionally, it is integrated with GIS technology to visualize the geographically referenced
information about the Town.
5.2 Project Definition
The Town of Essex Road infrastructure and its components are chosen for the analysis. The two
climate parameters considered are the temperature and precipitation variations because these are
the two parameters that significantly have an impact on the town. The time-period considered for
the study is 1981-2100, where from 1981-2010 was considered as the historical period. The scope
of the study is discussed in detail in the following sections.
5.2.1 Case Study Area - The Town of Essex
The Town of Essex is a town in Essex County is one of the southerly municipalities of Canada
with a population of 20,427 according to 2016 census. On April 1, 1999, the former Towns of
Essex and Harrow, as well as the former townships of Colchester North and Colchester South,
merged to form the Town of Essex. Essex Centre, Colchester, Harrow, and McGregor are the four
urban communities that make up the Town of Essex. The Town's rural landscape is primarily
agricultural, with excellent fertile soil in the southern part of the municipality that is well-suited
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for fruit, vegetable, and cash crop production, as well as heavy cash crop cultivation in the northern
half of the municipality. Vineyards and accompanying wineries are growing in popularity. Most
of the housing stock in the town is single unit-detached, with greater diversity and styles of homes
in Essex Centre and Harrow. These two centers are home to approximately half of the population.
The hamlets of McGregor, Gesto, and Colchester, as well as substantially developed lakefront
regions, are other notable settlement sites.
Although some large employers are located within the town's two main settlement zones, most of
the local workforce is still employed directly by the City of Windsor. Within the Town, industrial
development is concentrated on the fully serviced urbanized areas of Harrow and Essex Centre.
The Regional Landfill Site is also located in Essex, and the town wants to make sure that it
continues to have adequate policies in place to prevent possible conflicts between the landfill
operation and any neighbouring land uses. In the late 1970s, the rate of growth reached a peak of
3.14 percent. By 2021, the Town is expected to continue to grow, but at a slower rate. Because the
Town has expanded its capacity to the sewage treatment facilities serving the Essex and Harrow
Urban Centres, these forecasts will need to be reassessed during the mandatory five-year
assessment.
The Town of Essex has a total road network of 600 kilometers approximately which includes a
paved road of 420 km and a gravel road of 180 km. These roads are classified based on their
function as Highways, Arterial, collector, and local roads. The speed limit of these roads varies
from 30 kmph to 100 kmph, depending on the class of the road. The town has 29 local culverts,
and 11 bridges, all of which have a BCI (Bridge Condition Index) value greater than 60, indicating
that they are functioning in a good condition and no major maintenance is needed for the next 2
years. The asset management plan of the Town of Essex revealed that 91% of the bridges and
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culverts are in a excellent condition and 72% of the road network are in fair to excellent
condition(Town of Essex, 2015).
5.2.2 Timeframe
The timeframe considered for this study is till the end century. Based on the historical climate data
from 1980-2010, the assessment was done for three future periods, namely, the base period (20212040), mid-century (2041-2070) and the end century (2071-2100).
5.2.3 Infrastructure of Interest
Although the road network can be considered of as a single linear infrastructure, it is made up of
various structural components that can be evaluated independently. Moreover, geological and
geographical conditions differ, and how an infrastructure component is affected by climate change
may be determined by its location. The following are the infrastructure components of interest for
this study:
Table 5-1 Infrastructure of Interest for Risk Assessment

Physical Infrastructure

Supporting Infrastructure

Miscellaneous

Road Surface- Gravel
Road Surface- Asphalt
Road Base
Road Subbase
Bridges
Culverts
Side Walks
Curbs
Embankments

Streetlights
Traffic Signals
Utility Poles
Pavement Markings
Regulatory Signs
Warning Signs
Guide Signs

Emergency Response
Summer Maintenance
Winter Maintenance
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5.2.4 Climate Factors of Interest
The following table explains the climate factors of interest for this study, their potential change
factors, and the Ontario extreme climate indices:
Table 5-2 Risk Assessment Frameworks for Transportation Infrastructure

Climate Elements

Potential Change Factors

Temperature

•
•
•

Mean Values
High Temperature
Low Temperature

Precipitation

•
•

Intensity
Frequency

Ice

•

Ice build on infrastructure elements

Frost

•

Freeze/Thaw Cycles

5.3 Data Gathering and Sufficiency
The infrastructure components and climate factors of interest that are described previously were
described in detail during this segment of the protocol. The performance response of the
infrastructure to the climatic variables, data relevant to the infrastructure components and climate
factors were obtained, and the adequacy of this data is assessed. The following sub-sections go
into further detail about these activities.
5.3.1 Infrastructure Components
The infrastructure components of interest for this study are presented in the Table 5-2. The data
related to those components were obtained from the Town of Essex website and Ontario’s open
catalog in a wide range of varieties such as shapefiles, spreadsheets, reports, and codes.
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5.3.2 Climate Baselines
The historical data for the Town of Essex was obtained from the Harrow CDA station. Thirty years
(1981-2010) of data was analyzed as historical for this study. The station contains the majority of
the data; however, some precipitation is missing from the historical records. Since, the
precipitation data that was missing is less than 5%, to fill the missing data, the Inverse square
distance method was used. Based on Ontario’s extreme climate indices defined by Ontario climate
change portal, the data was sorted, and the extreme climate indices were obtained for the historical
period.
The future climate data is obtained from the Canadian Center for Climate services of Environment
and Climate Change Canada. The future time periods considered for this study are from 20212040, mid-century (2041-2070), and end-century (2071-2100). The daily data of various climate
variables considered for this study are available at a higher resolution, typically at 10 km x 10 km
grid size for the Town of Essex. The climate factors of interest and the indices used for the study
are described in Table 5-3.
Table 5-3 Data Availability

Climate Elements

Climate Factors

Data Availability

Temperature

Monthly average maximum temperature

Yes

Monthly average minimum temperature

Yes

Seasonal average maximum temperature

Yes

Seasonal average minimum temperature

Yes

Annual average daily maximum temperature

Yes

Annual average daily minimum temperature

Yes

Annual average monthly rainfall

Yes

Annual average seasonal rainfall

Yes

Rain
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Intensity of Rainfall

Yes

Frost

Annual average freeze/thaw cycle

Yes

Snow

Annual average snowfall

Yes

Temperature:
All the temperature indices show an increasing trend, and these are aligned with the rise in the
global warming trend. The summers are getting hotter, and the winters are getting warmer.
Rainfall:
The annual average rainfall shows a marginal increase compared to that of historical rainfall both
in terms of the amount of rainfall and intensity, and this is aligned with the trends of Canadian
rainfall. The period 2021-2040 does not show a grater variation or it is relatively constant to that
of historic rainfall, whereas for the mid-century and end-century, there is a clear trend in the
increase in the amount of rainfall and intensity of rainfall.
Frost:
As the temperatures are increasing significantly, the frost periods are expected to decrease with a
decreased freeze/thaw cycle. The Ontario extreme climate indices define the freeze-thaw cycle as
the day with a daily maximum temperature above 0 °C and a daily minimum temperature below 0
°C.
Snow:
The data show that there will be a decrease in the precipitation that falls as snow.
All the corresponding data is attached in the Appendix 1.
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5.3.3 Performance Responses
The performance responses that are considered to assess the impact of climate change on
infrastructure components were described in Table 5-4. These are evaluated against each
individual infrastructure components and these are further used for assigning the risk and severity
scores.
Table 5-4 Infrastructure Performance Response Considerations

Structural Integrity

Conformance to the infrastructure's original structural
design.
Functionality
Infrastructure's ability to serve its intended purpose.
Serviceability
The ability to maintain the condition of repair required
to assure a certain degree of infrastructure service.
Operation and Maintenance The amount of work required to maintain a certain level
Performances
of service for infrastructure.
Emergency Response
The possible threat of interference to use infrastructure
for emergency response services.
Insurance Considerations
Changes in infrastructure functionality could have an
influence on nearby properties, operations, or public
safety.
Policy Considerations
Changes in the infrastructure's design, construction,
operation, or maintenance procedures.
Economics
Adjustments in the functionality of infrastructure of
interest will have financial implications (both public and
private).
Public Health and Safety
As a result of changes in infrastructure functionality,
there are impacts and threats to the public's health.
Environmental Effects
Changes in the infrastructure's functionality, as well as
the operations and maintenance efforts associated with
it, will have an impact on the environment.

5.4 Risk Assessment
The climate infrastructure interactions are identified using Yes/No analysis, and the relative
severity of these interactions is assessed in this step. The following subsections discuss the
outcomes of these calculations. The Yes/No analysis can be found in Appendix 4.
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5.4.1 Climate Infrastructure Interactions
Firstly, using a Yes/No analysis, infrastructure components were evaluated against the Response
Considerations for potential implications from climate stresses. If climatic events were deemed to
have the potential to affect infrastructure components for the specific response consideration, this
interaction was considered for evaluation. Each infrastructure component and response
consideration tagged ‘Yes’ received its own line item. After that, each interaction was compared
to the relevant climate variables. To minimise interactions that would be negligible or irrelevant,
a Yes/No screening analysis was performed for each climate parameter. Then, for each interaction,
probability and severity scores were allocated. Thus, the risk scores are obtained.
The protocol defines risk as (Engineers Canada, 2016) A hazard's potential for causing injury,
damage, loss, loss of function, or a negative environmental impact. The importance of risk is
determined by the likelihood of an unfavourable event and the severity of its consequences.
The Protocol proposes two probability scoring techniques to assist practitioners in focusing their
discussion on probability ratings. For this analysis method, B was used to assign the probability
scores. The probability scores range from 0 to 7 where 0 indicates that the climate parameter will
not trigger the infrastructure threshold and 7 indicates that the climate parameter will trigger the
infrastructure threshold with certainty.
Similarly, the severity scores are also range between 0 to 7, where 0 means that the interaction
between the infrastructure component and the climate variable will not have any negative
consequences, and 7 indicates that there will be a significant failure when the interaction occurs.
For this study method, E was used to assign the severity scores. The risk assessment table is
attached in Appendix 4.
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Probability and severity scores are subjectively assigned, and it varies from practitioner to
practitioner based on this experience and expertise.
5.4.2 Reference Risk Tolerance Thresholds
Based on the risk score ranges obtained, the protocol classifies the risks into three categories, as
shown in Table 5-5.
Table 5-5 Risk Tolerance Thresholds

Risk Range

Threshold

Response

<12
12-36

Low Risk
Medium Risk

>36

High Risk

No action Required
Action may be required depending on the engineering
analysis. The interactions are to be reviewed with the
changes in the climate
Action Required

5.5 Engineering Analysis
Engineering analysis is not completed as a part of this study. After assessing various risks, the
risks that are categorised as medium risks, require further analysis with sophisticated modeling
techniques to determine whether these risks require immediate attention or can be categorised into
low risk. This step is not in the scope of the study due to resource constraints.
5.6 Conclusions and Recommendations
Appendix 3 shows efforts to minimize the vulnerability of the infrastructures that were analyzed.
The recommendations are categorized in table A-15 by infrastructure component, climatic
elements, climate factor, and performance response. These suggestions are meant to address the
various performance responses categorized as none, low, medium, or high in priority.
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Table 5-6 Count for Priority of Actions

Priority of Actions

Count of Actions

None

14

Low

21

Medium

17

High

0

The following are the count and type of recommendations
Table 5-7 Count for Type of Recommendations

Type of Recommendation

Count of Recommendations

No further action required

17

Management Action

24

Remedial Action

8

Additional Study Required

3

Additional recommendations that are specific to this study are:
•

Create a database that integrates climate data, structural data, and operation and
maintenance records. The maintenance practices can then be linked to specific
infrastructure components and corresponding climatic events. The main purpose of
creating a database is to prevent the vulnerability of lack of data availability.
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•

An impact assessment must be conducted for the gravel roads corresponding to
functionality and environmental effects relating to the increased rainfall intensity and
frequency.

•

Regularly conduct pavement data surveys to determine the state of the road surface.

•

Assess the resiliency of culverts and bridges by evaluating the capacity of drainage
systems.

•

When new baseline data, improved climate models and infrastructure performance
information becomes available, it's important to routinely reassess the climate change
vulnerability.

•

The Town of Essex may be able to save money by planning and coordinating maintenance
and replacement activities by connecting assets within specified infrastructure corridors.
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CHAPTER 6
RESULTS AND DISCUSSIONS
Changing climate conditions and growing transportation requirements pose a variety of threats to
the Town of Essex, some of which could be costly. While the adaptative ability is usually good,
considering the historical events and the infrastructure report card, transportation decision-makers
and infrastructure operators face challenges from extreme weather events and gradual climate
change. The Town of Essex is likely to face severe extreme weather events in the future. As a
result of severe precipitation, the town's roads, bridges, and supporting infrastructure have been
damaged in the past, and similar events in the future represent a serious threat to the town's
infrastructure. Pavement softening, flushing, rutting, and bleeding can all be driven by increased
annual temperatures and more frequent extreme heat-wave events. Because of expected
temperature trends, these problems are likely to be worsened in the future. Bridge closures and
detours can be caused by high temperatures resulting in thermal expansion of bridge joints.
Warmer winters and frequent daily temperature variability are expected to result in more freezethaw cycles, causing pavement deformation and shearing. The resulting road damage could disrupt
economically significant transportation activity in Essex's rural areas.
Even though the effects of climate change on the pavement are likely to be minor, changing
conditions should be considered when choosing pavement materials. Freeze-thaw cycles will
exacerbate longitudinal cracking and rutting of pavement on low-volume roadways. In general,
roads will need maintenance earlier in their lifespans than other types of infrastructure.
In this risk assessment of the road infrastructure for the Town of Essex, 57 interactions were
identified between the infrastructure components and the climate variables. The climate variable
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that was the primary focus for this study was the temperature and precipitation, which were causing
the major disruptions in the Town of Essex. From the risk assessment, the majority portion of the
risks were medium risks followed by low risks. There were no interactions that posed high risks
with the future climate conditions. The overall risk matrix generated for this project assumes that
the infrastructure is in good condition and performing at the level for which it was built.
The risk scores were developed based on the extreme climate indices, provided by Ontario Climate
Data Portal, and these were attached in Appendix 2. The following were the observations regarding
the extreme climate indices, and these were aligned with the definitions given by Ontario Climate
Data Portal:
•

High Temperature: These are the days with a daily maximum temperature greater than
30 °C. Under the historical climatic conditions, the number of high-temperature days are
17.7 days in a year. There is an increase in the number of high-temperature days under
future climatic conditions. On average, the number of high temperature days for RCP’s
2.6, 4.5 and 8.6 are 26, 36 and 61 days respectively. The probability of these events
occurring under future climate conditions is extremely high, and hence a probability
score of 6 is assigned.

Table 6-1 Risk Scores for High Temperature

S. No

Infrastructure Components

1
2
3
4
5
6

Road Surface-Gravel
Road Surface-Asphalt
Road Base
Road Subbase
Pavement Markings
Summer Maintenance

High Temperature
Probability
Severity
Risk Score
6
3
18
6
5
30
4
3
12
4
3
12
6
5
30
6
5
30
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•

Low Temperature: These are the days with a daily maximum temperature of -15°C. Since
the temperatures are increasing, the risk posed by low-temperature events is less. There are
8.6 low-temperature days under historical climatic conditions and these days gradually

Table 6-2 Risk Scores for Low Temperature

S. No

Infrastructure Components
Probability

1
2
3
4
5
6

Road Surface-Gravel
Road Surface-Asphalt
Road Base
Road Subbase
Pavement Markings
Winter Maintenance

Low Temperature
Severity
Risk Score
4
3
12
4
4
16
3
3
9
3
3
9
6
4
24
6
5
30
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•

Precipitation: The number of heavy precipitation and very heavy precipitation days are
going to increase under future conditions. The probability of occurrence is high, so a
probability score of 6 is assigned. The variation in the number of days receiving
precipitation does not vary much. There is no "high" risk rating for this climate event.
However, the expected increase in rainfall intensities should be considered as a threat that
should be reduced.

Table 6-3 Risk Scores for Heavy Precipitation

S. No

Infrastructure Components

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Road Surface-Gravel
Road Surface-Asphalt
Road Base
Bridges
Culverts
Side Walks
Curbs
Embankments
Regulatory Signs
Warning Signs
Guide Signs
Emergency Response
Summer Maintenance
Winter Maintenance

Heavy Precipitation
Probability
Severity
Risk Score
6
4
24
6
4
24
4
3
12
5
3
15
5
3
15
6
2
12
4
3
12
6
5
30
4
2
8
4
2
8
4
2
8
3
4
12
3
3
9
5
4
20
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CHAPTER 7
CONCLUSIONS
The following findings were drawn from the application of the PIEVC protocol to roadways and
other structures within the Town of Essex.
•

Overall, Essex's roads and associated infrastructure appear to be resilient to the projected
consequences of climate change.

•

The research found that gravel-surface roads are moderately vulnerable to the expected
increases in the severity and frequency of rainfall events caused by climate change. Some
of these vulnerabilities include washouts and the formation of potholes on gravel-surfaced
roads, which could have an impact on the performance in terms of its functionality as well
as its operations.

•

The asphalt-surfaced roadways were found to have moderate vulnerabilities to the expected
temperature rises with climate change, according to the assessment. As a result of these
vulnerabilities, asphalt surfaces are projected to become softer and more prone to rutting,
which will have an impact on their durability. This moderate vulnerability should be
mitigated by the fact that roads have a relatively short service life (about 30 years), allowing
asphalt mix designs to be revised to withstand expected future temperature rises.

•

The embankments were found to be moderately vulnerable to the expected increases in
precipitation, according to the evaluation. Slight increases in the destabilization forces on
embankments are predicted to be the main source of these vulnerabilities, which could have
an impact on the structural integrity.

•

The summer and winter maintenance has a moderate vulnerability with the temperature
variations. The frequency of these maintenance services may increase with higher
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temperatures; however, the winter maintenance costs might reduce because of the warmer
temperatures which reduces the frequency.
•

In the absence of future climate data and sophisticated data modeling required, the study
was unable to conduct a vulnerability assessment of certain climate change variables
(floods, storm surge, and wind). An assessment should be undertaken on
these infrastructure components, design standards, and operations and maintenance
procedures to determine how these events may affect them.
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APPENDICES
Appendix 1 Temperature and Precipitation Changes
A1-1 Temperature Mean
Table A- 1 Average Change in Mean temperatures from Baseline

Average Change in Mean
Average Change in Mean
Average Change in Mean
temperatures from Baseline
temperatures from Baseline
temperatures from Baseline
2021-2040 2041-2070 2071-2100 2021-2040 2041-2070 2071-2100 2021-2040 2041-2070 2071-2100
RCP 2.6
RCP 4.5
RCP 8.5
Annual
1.2
1.1
1.15
1.4
1.8
2.5
1.9
3.0
4.9
Winter
1.5
1.55
1.3
1.7
2.2
2.7
2.2
3.2
4.7
Spring
0.8
0.45
0.95
0.8
1.2
1.8
1.2
1.8
3.6
Summer
1.4
1
1.2
1.8
1.8
2.7
2.0
3.5
5.8
Autumn
1.3
1.6
1.1
1.6
2.3
2.8
2.2
3.5
5.5

Average Mean Temperature
30.0
25.0
20.0
15.0
10.0
5.0
0.0
-5.0

Figure A- 1 Monthly Averages- Mean Daily Temperatures for 2021-2040 (RCP 2.6)
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Average Mean Temperature
25.0
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15.0
10.0
5.0
0.0
-5.0

Figure A- 2 Monthly Averages- Mean Daily Temperatures for 2041-2070 (RCP 2.6)

Average Mean Temperature
30.0
25.0
20.0
15.0
10.0
5.0
0.0
-5.0

Figure A- 3 Monthly Averages- Mean Daily Temperatures for 2071-2100 (RCP 2.6)
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Average Mean Temperature
30.0
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20.0
15.0
10.0
5.0
0.0
-5.0

Figure A- 4 Monthly Averages- Mean Daily Temperatures for 2021-2040 (RCP 4.5)

Average Mean Temperature
30.0
25.0
20.0
15.0
10.0
5.0
0.0
-5.0

Figure A- 5 Monthly Averages- Mean Daily Temperatures for 2041-2070 (RCP 4.5)
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Average Mean Temperature
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10.0
5.0
0.0
-5.0

Figure A- 6 Monthly Averages- Mean Daily Temperatures for 2071-2100 (RCP 4.5)

Average Mean Temperature
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10.0
5.0
0.0
-5.0

Figure A- 7 Monthly Averages- Mean Daily Temperatures for 2021-2040 (RCP 8.5)
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Average Mean Temperature
30.0
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20.0
15.0
10.0
5.0
0.0
-5.0

Figure A- 8 Monthly Averages- Mean Daily Temperatures for 2041-2070 (RCP 8.5)

Average Mean Temperature
35.0
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15.0
10.0
5.0
0.0

Figure A- 9 Monthly Averages- Mean Daily Temperatures for 2071-2100 (RCP 8.5)
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A2-2 Temperature Minimum
Table A- 2 Average Change in Minimum temperatures from Baseline

Average Change in Minimum
temperatures from Baseline

Average Change in Minimum
temperatures from Baseline

Average Change in Minimum
temperatures from Baseline

2021-2040 2041-2070 2071-2100 2021-2040 2041-2070 2071-2100 2021-2040 2041-2070 2071-2100
2.6

4.5

8.5

Annual

1.3

1.3

1.3

1.5

2

2.7

2

3.2

5.2

Winter

1.7

1.9

1.6

1.9

2.6

3.1

2.5

3.8

5.5

Spring

0.9

0.6

1.1

0.9

1.3

2

1.5

2.1

4

Summer

1.3

1

1.2

1.7

1.8

2.7

1.9

3.5

5.7

Autumn

1.4

1.8

1.2

1.7

2.5

2.9

2.1

3.5

5.5

Average Minimum Temperature
25.0
20.0
15.0
10.0
5.0
0.0
-5.0

-10.0

Figure A- 10 Monthly Averages- Mean Minimum Temperatures for 2021-2040 (RCP 2.6)

90

Average Minimum Temperature
20.0
15.0
10.0
5.0
0.0
-5.0
-10.0

Figure A- 11 Monthly Averages- Mean Minimum Temperatures for 2041-2070 (RCP 2.6)

Average Minimum Temperature
25.0
20.0
15.0
10.0
5.0
0.0
-5.0
-10.0

Figure A- 12 Monthly Averages- Mean Minimum Temperatures for 2071-2100 (RCP 2.6)

91

Average Minimum Temperature
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20.0
15.0
10.0
5.0
0.0
-5.0
-10.0

Figure A- 13 Monthly Averages- Mean Minimum Temperatures for 2021-2040 (RCP 4.5)

Average Minimum Temperature
25.0
20.0

15.0
10.0
5.0
0.0
-5.0
-10.0

Figure A- 14 Monthly Averages- Mean Minimum Temperatures for 2041-2070 (RCP 4.5)
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Average Minimum Temperature
25.0
20.0
15.0
10.0
5.0
0.0
-5.0
-10.0

Figure A- 15 Monthly Averages- Mean Minimum Temperatures for 2071-2100 (RCP 4.5)

Average Minimum Temperature
25.0
20.0

15.0
10.0
5.0
0.0
-5.0
-10.0

Figure A- 16 Monthly Averages- Mean Minimum Temperatures for 2021-2040 (RCP 8.5)
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Average Minimum Temperature
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10.0
5.0
0.0
-5.0

Figure A- 17 Monthly Averages- Mean Minimum Temperatures for 2041-2070 (RCP 8.5)

Average Minimum Temperature
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10.0
5.0
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-5.0

Figure A- 18 Monthly Averages- Mean Minimum Temperatures for 2071-2100 (RCP 8.5)
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A-3 Temperature Maximum
Table A- 3 Average Change in Maximum temperatures from Baseline

Annual
Winter
Spring
Summer
Autumn

Average Change in Maximum
Average Change in Maximum
Average Change in Maximum
temperatures from Baseline
temperatures from Baseline
temperatures from Baseline
2021-2040 2041-2070 2071-2100 2021-2040 2041-2070 2071-2100 2021-2040 2041-2070 2071-2100
2.6
4.5
8.5
1.2
1
1.1
1.4
1.7
2.4
1.8
2.8
4.7
1.5
1.3
1.1
1.9
2.3
1.9
1.9
2.6
4
0.6
0.3
0.8
1
1.5
0.9
0.9
1.4
3.2
1.4
1
1.2
1.7
2.7
2.1
2.1
3.5
5.8
1.2
1.4
1
2.1
2.7
2.2
2.2
3.4
5.4

Average Max Temperature
35.0
30.0
25.0
20.0
15.0
10.0
5.0
0.0

Figure A- 19 Monthly Averages- Mean Maximum Temperatures for 2021-2040 (RCP 2.6)
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Average Max Temperature
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5.0
0.0

Figure A- 20 Monthly Averages- Mean Maximum Temperatures for 2041-2070 (RCP 2.6)

Average Max Temperature
35.0
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20.0
15.0
10.0
5.0
0.0

Figure A- 21 Monthly Averages- Mean Maximum Temperatures for 2071-2100 (RCP 2.6)
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Average Max Temperature
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5.0
0.0

Figure A- 22 Monthly Averages- Mean Maximum Temperatures for 2021-2040 (RCP 4.5)

Average Max Temperature
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Figure A- 23 Monthly Averages- Mean Maximum Temperatures for 2041-2070 (RCP 4.5)
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Average Max Temperature
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Figure A- 24 Monthly Averages- Mean Maximum Temperatures for 2071-2100 (RCP 4.5)

Average Max Temperature
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Figure A- 25 Monthly Averages- Mean Maximum Temperatures for 2021-2040 (RCP 8.5)
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Average Max Temperature
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0.0

Figure A- 26 Monthly Averages- Mean Maximum Temperatures for 2041-2070 (RCP 8.5)

Average Max Temperature
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10.0
5.0
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Figure A- 27 Monthly Averages- Mean Maximum Temperatures for 2071-2100 (RCP 8.5)
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A1-4 Precipitation
Table A- 4 Average percentage change in precipitation from baseline

Average Percentage Change in
Average Percentage Change in
Average Percentage Change in
Total PPT from Baseline
Total PPT from Baseline
Total PPT from Baseline
2021-2040 2041-2070 2071-2100 2021-2040 2041-2070 2071-2100 2021-2040 2041-2070 2071-2100
2.6
4.5
8.5
Annual
-5.1
4.0
0.0
0.5
8.2
1.2
-0.4
7.4
8.5
Winter
-9.9
6.6
-0.7
2.5
7.3
14.9
7.3
6.1
23.1
Spring
8.4
1.8
4.8
2.6
14.1
10.9
6.5
23.0
25.6
Summer
-8.0
1.2
-1.8
-2.8
0.7
-4.5
-10.7
-4.3
-3.4
Autumn
-11.2
7.0
-2.1
0.4
11.3
-13.0
-2.0
5.6
-7.2

Mean PPT(mm)
120.0
100.0
80.0
60.0
40.0
20.0

0.0

Figure A- 28 Monthly Averages- Mean Monthly Precipitations for 2021-2040 (RCP 2.6)
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Mean PPT
120.0
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80.0
60.0
40.0
20.0
0.0

Figure A- 29 Monthly Averages- Mean Monthly Precipitations for 2041-2070 (RCP 2.6)
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Figure A- 30 Monthly Averages- Mean Monthly Precipitations for 2071-2100 (RCP 2.6)
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Mean PPT
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0.0

Figure A- 31 Monthly Averages- Mean Monthly Precipitations for 2021-2040 (RCP 4.5)
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Figure A- 32 Monthly Averages- Mean Monthly Precipitations for 2041-2070 (RCP 4.5)
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Mean PPT
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0.0

Figure A- 33 Monthly Averages- Mean Monthly Precipitations for 2071-2100 (RCP 4.5)

Average Mean PPT
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Figure A- 34 Monthly Averages- Mean Monthly Precipitations for 2021-2040 (RCP 8.5)
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Average Mean PPT
120.0
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0.0

Figure A- 35 Monthly Averages- Mean Monthly Precipitations for 2041-2070 (RCP 8.5)

Average Mean PPT
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Figure A- 36 Monthly Averages- Mean Monthly Precipitations for 2071-2100 (RCP 8.5)
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A1-5 Precipitation: Percentage Change in Intensities
Table A- 5 Percentage Change in Intensities for 2021-2040 (RCP 2.6)

Minutes T: 2 years T: 5 years
5
7.4
8.0
10
7.3
8.0
15
7.2
8.2
30
7.4
8.1
60
7.5
8.2
120
7.4
8.3
360
8.0
9.5
720
9.5
10.3
1440
11.1
10.4

RCP 2.6_2021-2040
T: 10 years T: 20 years T: 25 years T: 50 years T: 100 years
8.5
8.4
8.1
7.3
6.8
8.4
8.8
8.7
8.6
8.6
8.4
8.8
8.8
8.6
8.9
8.6
8.5
8.3
7.4
6.9
8.8
8.2
8.0
6.9
6.1
8.8
7.9
7.4
6.6
5.9
8.6
5.0
4.2
3.1
2.5
7.5
2.6
1.2
-1.5
-3.3
7.5
2.2
-0.7
-2.7
-6.1

Table A- 6 Percentage Change in Intensities for 2041-2070 (RCP 2.6)

Minutes T: 2 years T: 5 years
5
9.0
7.2
10
9.0
7.1
15
9.1
7.1
30
9.0
7.2
60
9.0
7.4
120
8.8
7.3
360
9.7
8.3
720
9.5
8.1
1440
11.1
6.5

RCP 2.6_2041-2070
T: 10 years T: 20 years T: 25 years T: 50 years T: 100 years
8.0
9.5
9.3
8.9
8.3
8.3
9.5
9.3
9.2
8.7
8.4
9.4
9.2
9.0
8.8
8.0
9.7
9.5
9.0
8.4
7.6
9.3
9.4
8.5
7.7
7.2
9.0
9.1
8.0
6.6
6.7
5.0
5.7
3.1
2.9
5.7
2.6
1.2
-2.4
-4.0
4.4
2.2
-0.7
-4.3
-7.2
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Table A- 7 Table Percentage Change in Intensities for 2071-2100 (RCP 2.6)

Minutes T: 2 years T: 5 years
5
7.6
9.5
10
7.4
9.6
15
7.4
9.6
30
7.6
9.4
60
7.5
9.4
120
7.4
9.3
360
8.0
9.5
720
9.5
10.3
1440
5.8
10.4

RCP 2.6_2071-2100
T: 10 years T: 20 years T: 25 years T: 50 years T: 100 years
11.9
11.2
12.1
15.8
20.6
11.9
11.2
11.6
14.9
18.8
11.8
11.2
11.6
14.4
17.9
11.8
11.2
12.3
16.1
20.8
11.7
11.4
12.6
16.6
19.7
11.7
11.4
12.7
16.4
18.8
10.6
8.2
9.4
9.5
8.0
10.9
5.3
4.8
3.1
0.0
10.6
4.6
3.5
0.4
-3.8

Table A- 8 Percentage Change in Intensities for 2021-2040 (RCP 4.5)

Minutes T: 2 years T: 5 years
5
9.1
9.3
10
9.1
8.8
15
9.1
8.6
30
9.2
9.3
60
9.0
9.4
120
9.5
9.3
360
9.7
8.3
720
9.5
8.1
1440
11.1
10.4

RCP 4.5_2021-2040
T: 10 years T: 20 years T: 25 years T: 50 years T: 100 years
7.8
8.4
8.1
7.4
6.9
7.8
8.5
8.5
8.5
8.5
7.8
8.5
8.6
8.5
8.6
7.9
8.7
8.3
7.5
7.0
7.6
8.6
8.4
7.8
7.2
7.6
8.6
8.4
8.0
7.6
6.7
5.8
5.7
5.4
2.5
5.7
4.0
2.4
1.3
-3.3
7.5
2.2
1.4
-1.2
-5.0
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Table A- 9 Percentage Change in Intensities for 2041-2070 (RCP 4.5)

Minutes T: 2 years T: 5 years
5
10.6
9.9
10
10.7
9.1
15
10.7
9.0
30
10.5
9.4
60
10.6
9.9
120
10.2
9.8
360
9.7
9.5
720
9.5
8.1
1440
11.1
10.4

RCP 4.5_2041-2070
T: 10 years T: 20 years T: 25 years T: 50 years T: 100 years
9.8
10.6
11.2
14.3
18.6
9.5
11.6
12.6
16.3
20.2
9.6
11.7
12.7
16.1
20.0
9.0
11.5
12.8
16.9
21.5
9.6
10.7
11.2
14.1
18.8
9.6
10.3
11.0
13.4
18.1
8.6
8.2
7.9
6.6
8.5
5.7
5.3
4.8
0.4
-1.3
4.4
4.6
3.5
-1.2
-5.0

Table A- 10 Percentage Change in Intensities for 2071-2100 (RCP 4.5)

RCP 4.5_2071-2100
Minutes T: 2 years T: 5 years T: 10 years T: 20 years T: 25 years T: 50 years T: 100 years
5
8.8
7.8
6.2
5.3
4.1
2.8
2.2
10
8.6
6.8
5.8
5.6
4.9
2.7
2.1
15
8.5
6.8
5.7
5.4
5.3
3.1
2.0
30
8.7
7.9
6.4
5.2
4.0
2.9
2.4
60
9.0
7.7
6.2
4.8
3.9
2.7
2.0
120
8.8
7.3
6.0
4.5
3.9
2.4
1.5
360
9.7
5.8
4.7
2.7
0.5
-2.2
-3.1
720
9.5
5.9
2.3
0.0
-1.3
-6.0
-10.0
1440
11.1
6.5
1.4
-2.4
-2.9
-8.9
-13.8
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Table A- 11 Percentage Change in Intensities for 2021-2040 (RCP 8.5)

Minutes T: 2 years T: 5 years T: 10 years
5
17.0
16.0
16.0
10
16.9
15.9
16.1
15
16.8
15.9
16.1
30
16.9
16.0
16.2
60
17.1
15.9
16.1
120
17.1
16.2
16.1
360
16.5
17.0
14.6
720
18.4
16.9
14.4
1440
16.4
18.3
13.6

RCP 8.5_2021-2040
T: 20 years T: 25 years
16.6
16.7
16.6
16.7
16.6
16.6
16.8
16.8
16.4
16.5
15.8
16.2
13.0
13.1
10.6
9.7
9.2
7.7

T: 50 years T: 100 years
17.1
17.5
17.0
17.3
16.9
17.1
17.2
17.8
17.3
17.6
17.0
17.3
12.5
11.7
7.7
2.7
5.0
-0.5

Table A- 12 Percentage Change in Intensities for 2041-2070 (RCP 8.5)

Minutes
5
10
15
30
60
120
360
720
1440

T: 2 years T: 5 years
12.3
16.3
12.3
16.4
12.2
16.4
12.4
16.2
12.5
16.2
12.3
16.2
13.1
17.0
12.5
16.9
11.1
18.3

RCP 8.5_2041-2070
T: 10 years T: 20 years T: 25 years T: 50 years T: 100 years
18.5
19.2
19.8
21.3
24.7
18.6
19.4
19.9
21.7
25.0
18.7
19.4
19.9
21.7
24.7
18.6
19.5
20.2
21.6
25.1
18.0
18.8
19.5
20.8
23.5
17.7
18.2
18.8
19.8
21.2
15.6
13.8
13.1
12.5
10.8
14.4
9.3
8.5
5.8
0.7
13.6
9.2
7.7
3.4
-3.8
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Table A- 13 Percentage Change in Intensities for 2071-2100 (RCP 8.5)

Minutes
5
10
15
30
60
120
360
720
1440

T: 2 years T: 5 years
19.3
22.5
19.2
22.8
19.2
22.7
19.2
22.6
19.0
22.5
19.2
22.6
18.2
23.2
18.4
23.5
21.6
22.3

RCP 8.5_2071-2100
T: 10 years T: 20 years T: 25 years T: 50 years T: 100 years
23.3
22.3
21.8
22.3
22.9
23.2
23.0
22.8
22.8
23.6
23.2
23.4
23.1
24.1
26.8
23.3
22.2
21.7
22.5
23.1
23.1
21.3
20.6
21.5
22.0
23.0
20.3
19.8
20.1
19.8
20.6
16.2
15.3
10.1
9.4
17.9
13.3
10.9
3.1
0.7
19.8
11.5
9.8
0.4
-2.7
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Appendix 2 Extreme Climate Indices for the Town of Essex
Table A- 14 Extreme Climate Indices for the Town of Essex

S No

Name of the Index

Definition

Histor
ical

Future Projections

2.6
4.5
8.5
1981- 2021- 2041- 2071- 2021- 2041- 2071- 2021- 2041- 20712010 2040 2070 2100 2040 2070 2100 2040 2070 2100
No of days when daily maximum temperature
1 Number of Summer Days is above 25 °C
Maximum Value of Daily The highest value of daily maximum
2 maximum temperature temperature in a year °C
Number of days with minimum temperature
3 Number of Frost Days
below 0 °C
Number of days with daily maximum
4 Icing Days
temperature below 0 °C
Minimum Value of Daily The lowest value of the daily minimum
5 Minimum Temperature temperature in a year °C
Number of heavy
Annual total number of days with more than
6 precipitation days
10mm of precipitation
Number of very heavy
Annual total number of days with more than
7 precipitation days
20mm of precipitation
Max 1-day precipitation The maximum 1-day precipitation amount
8 amount
occurs in a year(mm)
No of days with daily maximum temperature
Freeze/Thaw
above 0 °C and daily minimum temperature
9
below 0 °C
No of days when daily maximum temperature
10 High Temperature
above 30 °C
No of days when daily maximum temperature
11 Low Temperature
below -15°C

75.5

94.2

92.3 92.3

99.5

98.9 107.2 105.5 113.4 130.9

38

39.9

40.2 40.1

42.4

39.8

42.4

42.2 40.4 44.7

114.3 100

97.8 99.3

97.1

90.1

81.7

90.6 76.8

34.5

31.5

29.3

45

34.5

37.1 34.8

-28

-22.1

-23

26.9

26.7

28.8 28.2

9.6

7.2

9.1

30

27.3

56
15

-20.6 -21.2 -22.6 -18.3 -22.3 -18.6 -15.6

7.7

28.1

30.2

29.2

28.5 30.2

8

9.4

8.1

7.5

9.6

30
10.1

182.2 68.7 107.7 78.7

82.7

95.7 120.8 101.6 102 119.6

67.2

62.9

58.9

52.8

61.1

23.8 27.4

30.3

33.8

44.5

36.7 60.7 85.6

3.5

3.2

2.4

1.4

1.9

65.2

15.73 26.7
8.6

4.5

61

65

3.7

50

0.2

41.5

0.1

110

99.5

98.9

107.2

105.5

2021-2040

92.3

2071-2100

92.3

2071-2100

94.2

2041-2070

130.9
113.4

2.6

4.5

2071-2100

2041-2070

2041-2070

2021-2040

75.5

2021-2040

140
120
100
80
60
40
20
0

1981-2010

No of Days

No of Hot Days

8.5

Time Period

Figure A- 37 Trend of Hot Days

46
44.7

44
42.4

42
40

40.2

39.9

38

42.4

40.1

42.2
40.4

39.8

38

36

2.6

4.5

2071-2100

2041-2070

2021-2040

2071-2100

2041-2070

2021-2040

2071-2100

2041-2070

2021-2040

34

1981-2010

Temperature in oC

Maximum Value of Daily maximum tempertaure

8.5

Time Period

Figure A- 38 Trend of Maximum Temperatures
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Frost Days
140

No of Days

120

114.3
100

97.8

99.3

97.1

100

90.1

81.7

90.6
76.8

80

56

60
40
20

2.6

4.5

2071-2100

2041-2070

2021-2040

2071-2100

2041-2070

2021-2040

2071-2100

2041-2070

2021-2040

1981-2010

0

8.5

Time Period

Figure A- 39 Trend of Frost Days

45

34.5

37.1

34.8

34.5

31.5

29.3

30

27.3

2.6

4.5

2071-2100

2041-2070

2021-2040

2071-2100

2041-2070

2021-2040

2071-2100

2041-2070

15

2021-2040

50
45
40
35
30
25
20
15
10
5
0

1981-2010

No of Days

Icing Days

8.5

Time Period

Figure A- 40 Trend of Icing Days
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The lowest value of the daily minimum temperature in a year °C
2.6

4.5

8.5

Temperature in oC

0
-5
-10
-15
-20
-25
-30

Time Period

Figure A- 41 Trends of Lowest Temperatures

Number of heavy precipitation days
35

No. of Days

30
25
20
15
10
5

2.6

4.5

2071-2100

2041-2070

2021-2040

2071-2100

2041-2070

2021-2040

2071-2100

2041-2070

2021-2040

1981-2010

0

8.5

Time Period

Figure A- 42 Trends of Heavy Precipitation Days
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Number of very heavy precipitation days
12

No. of Days

10
8
6
4
2

2.6

4.5

2071-2100

2041-2070

2021-2040

2071-2100

2041-2070

2021-2040

2071-2100

2041-2070

2021-2040

1981-2010

0

8.5

RCP's

Figure A- 43 Trends of very Heavy Precipitation Days
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Figure A- 44 Trends of Freeze/Thaw Cycle Days
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Appendix 3 Recommendations
Table A- 15 Recommendations for the identified Risks

Infrastruct
ure

Road Surface
(Asphalt)

Climate
Element

High
Temperatures

Climate
Factor

Performance
Response

Priority for
Action

Recommend
ation

Structural Integrity

Medium

Management
Action

Functionality

Medium

Management
Action

Operations and
Maintenance

Medium

Management
Action

Change in
Magnitude

Comments on the
Recommendation
Increased severe high
temperatures, as well as
longer periods of extreme
high temperatures, may cause
asphalt road surfaces to lose
rigidity and distort under
regular traffic loads. This
deformation would cause the
road surface to thin, allowing
more water to protrude in and
contributing to the
deterioration of the road subbase. Bleeding occurs under
sustained high temperatures
and the structural integrity of
the pavement is lost. The
repair and maintenance
schedules and costs are
affected by structural integrity.
Poor driving conditions may
cause slower traffic flow and
limits on the use of specific
roadways by heavier vehicles,
thereby causing further
damage to the road surface.
Speed limits and weight
restrictions, for example, may
need to be reviewed on a
regular basis.
Increased Maintenance and
repairs will be required
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Emergency
Response

Low

Management
Action

Policies and
Procedures

Medium

Management
Action

Environmental
Affects

Medium

Management
Action

Emergency vehicles response
times might be slowed by
grooves and ruts on the road
surface. This should be
considered when making
decisions about emergency
vehicle purchases, as it is
influenced in part by decisions
concerning pavement
replacement, its
maintenance and repairs.
Operational considerations
may include the usage of
alternate routes or
other methods of emergency
response if a pavement
surface has degraded
significantly.
Revisions to road design
standards are needed,
including new guidelines for
paving materials (Changes in
asphalt mix design to
accommodate higher
temperature extremes) and a
greater focus on quality
control during construction.
A change in severe high
temperature, combined with
increased rainfall intensity,
could raise the risk of harmful
substances from the asphalt
surface being transferred into
the natural environment. To
reduce the risk, stormwater
management must be
examined and adjusted if
necessary. Grease and oil
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separators can be used in
paved areas.

Low
Temperature

Structural Integrity

None

No further action
required

Operations and
Maintenance

None

No further action
required

Change in
Magnitude

All applicable

Low

Additional Study
Required

Frost Penetration

All applicable

Rain

Changes in
Intensity and
frequency

All applicable

Low

No further action
required

Freeze/Thaw
Cycles

Change in
Frequency

All applicable

None

No further action
required

As the temperatures are
getting increase, threats
corresponding to low
temperatures are lessened
As the temperatures are
getting increase, threats
corresponding to low
temperatures are lessened
The probability of numerous
climate variables occurring at
the same time determines the
loading. The vulnerability of
highway surfaces is not
expected to increase much,
however this should be reevaluated by additional
studies.
The increase intensities and
frequency of rainfall will have
minimal and insignificant
effect on wear and tear of the
pavement.
The increase in temperatures
reduce the frequency of these
cycles and hence no furthue
action is recommended.
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Low
Temperatures

All Applicable

All applicable

None

No further action
required

Structural Integrity

Medium

Remedial Action

Functionality

Low

Management
Action

Operations and
Maintenance

Low

Management
Action

Policies and
Procedures

Low

Management
Action

Road Surface
(Gravel)

Rainfall

Changed
Intensity

As the temperatures are
getting increased, threats
corresponding to low
temperatures are lessened
High-intensity rainfall events
can degrade gravel surfaces,
forming ruts and small
depressions. They can also
cause loosening of the gravel
surface, as well as erosion
and gravel runoff. Following
severe storms, gravel roads
should be inspected and other
maintenance work should be
done as needed.
High-intensity storms can
erode gravel surfaces,
resulting in ruts and minor
depressions that can hinder
traffic flow. Road closures
may be considered (where
possible) until maintenance
work is finished. This would
only have a short-term impact
on travel accessibility, trip
delay, and convenience.
Grading and maintenance
may be required more often
Heavy rainfall events may
need policy modifications
addressing the requirement
for pavement construction.
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Environmental
Affects

Low

Remedial Action

Gravel surfaces may be
eroded by high-intensity
rainfall events, resulting in
gravel discharge into
watercourses. To offer a
suitable level of environmental
protection, ensure that

erosion control devices are
installed along gravel roads.

Changed
Frequency

Functionality

Low

Management
Action

Operations and
Maintenance

Low

Remedial Action

Policies and
Procedures

Low

Management
Action

More frequent and heavy
rains could cause problems
to driving conditions, forcing
some roads and streets to be
inaccessible. Road
characteristics may need to
be changed to allow for
additional travel capacity
during more regular heavy
rainstorms.
More frequent, intense rain
events will cause more
damage to gravel surfaces
during typical maintenance
cycles, hence requiring more
frequent maintenance.
To accommodate for more
frequent and heavy rainfall
occurrences, design
standards must be reviewed
and modified. This may
necessitate a policy shift,
such as modifying the criteria
used to determine whether
gravel roads should be paved.
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Environmental
Affects

Freeze/Thaw
Cycles

Road
Subbase

Embankments

Freeze/Thaw
Cycles

Rainfall

Change in
Frequency

Change in
Frequency

All applicable

Structural Integrity

Low

Management
Action

More frequent heavy rains
may cause overland flow,
washing gravel and absorbed
toxins off the road surface into
waterways. This may
necessitate a modification in
monitoring procedures to lead
to better estimation of
sediment and pollutant
loading over time.

None

No further action
required

The increase in temperatures
reduce the frequency of these
cycles and hence no furthue
action is recommended.

No further action
required

Because the number of
freeze-thaw cycles is
predicted to decrease, there
should be less risk of severe
climate-change loadings
affecting the subbase's
structural integrity. A
subbase's vulnerability to
freeze-thaw cycles will be
reduced. As a result, there is
no need to take any more
action.

None

Structural Integrity

Low

Management
Action

Serviceability

None

No further action
required

Changed
Intensity

Increased rainfall intensity
could lead to loss of structural
material. It may be necessary
to establish an inspection
programme.
During high-intensity events,
emergency embankment
repairs may be more difficult
and riskier.
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Changed
Frequency

Operations and
Maintenance

Medium

Remedial Action

Emergency
Response

Medium

Management
Action

Policies and
Procedures

Low

Management
Action

Environmental
Affects

Medium

No further action
required

Structural Integrity

Medium

Management
Action

Operations and
Maintenance

Low

Remedial Action

Policies and
Procedures

Low

Management
Action

Environmental
Affects

None

No further action
required

It is possible that erosion
control devices, such as
plants, will need to be planted
and maintained.
Emergency preparedness
plans should be revised to
account for the risk of highintensity storms that result in
materials being pushed onto
roadways.
It may be required to change
design norms and standards,
as well as maintenance
guidelines and processes
(eg., use of slope stability
devices).
More materials could be
washed into surrounding
waterways hence raising silt
levels. Good embankment
construction, design, and
maintenance would reduce
environmental harm
Heavier and more frequent
rainfall events may shorten
the embankment's service life.
This is something that should
be an asset management
consideration.
Material loss during these
huge catastrophes may
worsen, requiring more repair
work.
Road closures should be
incorporated into emergency
preparedness plans.
More material could be
washed into surrounding
waterways, causing sediment
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loading and deposition to
increase.

Freeze/Thaw
Cycles

Bridges/Culve
rts

Rainfall

All applicable

All applicable

None

No further action
required

Structural Integrity

Medium

Additional Study
Required

Functionality

Medium

Additional Study
Required

Operations and
Maintenance

Medium

Remedial Action

Changed
Intensity

Concerns about embankment
slope stability during freezethaw cycles would still need to
be examined, but a positive
trend was recognised,
reducing vulnerability to freethaw cycles over time. As a
result, there would be no need
for additional action in
response to projected climate
change effects.
Evaluate the design criteria
for structural sizing and debris
handling capability.
High-intensity rainfall events
may cause drainage systems
to become overloaded. There
should be a database of
existing drainage
infrastructure. This would
allow the capacity of drainage
infrastructure to be examined
by comparing design values
to actual infrastructure size,
as well as comparing original
design criteria, to design
criteria changed to account for
climate change.
More severe storms may
result in more debris being
carried into drainage
channels, requiring remedial
action, such as debris
removal from culvert inlets.
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Emergency
Response

Low

Management
Action

Policies and
Procedures

Medium

Management
Action

Public Health and
Safety

Low

Management
Action

Surface ponding on roadway
surfaces may make
emergency response more
difficult. Inaccessible roads
should be reported to
emergency response centres.
Alternative routes for
emergency vehicles could be
developed as a result of a city
transportation model.
Alternative emergency
response modes may be
considered.
It is indeed expected that the
design requirements in
municipal specifications and
design standards will need to
be revised. Climate change
may necessitate the provision
of new data in the form of I-DF curves and runoff
coefficients. As new
information becomes
available, it should be
updated every five to ten
years.
During heavy
rainstorms, combined sewers
ought to overflow,
hence public health can be
harmed. For all large-paved
surfaces, storm water
interceptors for onsite
stormwater collection,
treatment, and discharge
should be considered.
Stormwater management
techniques that affect water
quality should be examined,
and bylaws prohibiting
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contaminant discharge into
storm sewer systems should
be strictly enforced.

Environmental
Affects

Low

Management
Action

Functionality

Medium

Remedial Action

Operations and
Maintenance

Medium

Remedial Action

Changed
Frequency

Increased erosion and
increased washing away of
contaminants from the road
surface into drainage systems
and water courses could have
negative environmental
consequences. The
bylaws should be examined
and, if necessary, updated.
The present capacity to
convey flow reduces as the
frequency increases,
thereby lowering functionality.
If the frequency of events of a
given magnitude increases, a
structure designed based on
the probability of past event
occurrence will have less
capacity. In some
circumstances, if culvert
structures appear to be
undersized or lack the
capacity to handle greater
flows, a culvert is required.
Larger precipitation events
occurring more frequently
may have an impact on
operations and maintenance.
The importance of maintaining
clear flow pathways will
become more important.
Following major rainfall
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events, an inspection should
be conducted, and corrective
measures should be made as
needed.

Traffic
Signals/Utility
Poles/Regulat
ory Signs/
Warning
Signs/ Guard
Signs

Wind

All Applicable

Emergency
Response

Medium

Management
Action

Policies and
Procedures

Low

Management
Action

Environmental
Affects

Low

Management
Action

All Applicable

None

No further action
required

Flooding may become more
common, demanding greater
emergency planning and
more frequent emergency
response. Every few years,
emergency response plans
should be reviewed and
modified.
Design requirements and
codes would need to be
revisited to ensure that the
information is still relevant in
the face of changing
hydroclimatic circumstances.
Flooding and high-intensity
rainfall occur more frequently,
resulting in more dangerous
elements being washed into
waterways. Non-source
pollution could be reduced by
limiting the use of treated
sand and slats to the bare
minimum required for winter
roadway use.

There was no real pattern.
The effects of climate change
are expected to remain
unchanged.
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Curbs

Pavement
Marking

Freeze/Thaw
Cycles

All applicable

Structural Integrity

None

No further action
required

Frequent maintenance is
necessary and deteriorated
curbs should be repaired.
The factors on which the
pavement marking materials
are selected should be
reviewed and modified if
necessary.
The increase in temperatures
reduce the frequency of these
cycles and hence no further
action is recommended.

High
Temperature

All applicable

All applicable

None

No further action
required

Freeze/Thaw
Cycles

All applicable

All applicable

None

No further action
required

Low

No further action
required

With the increase in
temperatures, the roads may
require frequent repairs and
maintenance.

No further action
required

The increase in temperatures
reduce the frequency of winter
maintenance and hence no
further action is
recommended.

Summer
Maintenance

High
Temperature

Winter
Maintenance

Low
Temperature/Fre
eze/Thaw Cycles

All applicable

All applicable

All applicable

All applicable

None
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Appendix 4 Risk Analysis
Table A- 16 Infrastructure Response Considerations (Engineers Canada, 2016)

Environmental Effects

Public Health and Safety

Economics

Policy Considerations

Insurance Considerations

Emergency Response

Operations, Maintenance & Materials
Performance

Serviceability

Functionality

Infrastructure Components

Structural Integrity

Infrastructure Response Considerations

Mark Relevant Responses with ✓
Road Surface- Gravel
Road Surface- Asphalt
Road Base
Road Subbase
Bridges
Culverts
Side Walks
Curbs
Embankments
Streetlights
Traffic Signals
Utility Poles
Pavement Markings
Regulatory Signs
Warning Signs
Guide Signs
Emergency Response
Summer Maintenance
Winter Maintenance

✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

✓
✓

✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

✓
✓
✓
✓
✓

✓
✓
✓
✓
✓
✓

✓

✓

✓
✓
✓
✓
✓
✓
✓
✓
✓

✓
✓
✓
✓
✓

✓

✓
✓
✓
✓
✓
✓
✓
✓

✓
✓

✓
✓
✓
✓
✓
✓

✓
✓

✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

✓
✓
✓
✓
✓
✓

✓

✓
✓
✓
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Table A- 17 Yes/No Analysis (Engineers Canada, 2016)
S
No

Infrastructure
Components
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

Road Surface- Gravel
Road Surface- Asphalt
Road Base
Road Subbase
Bridges
Culverts
Side Walks
Curbs
Embankments
Streetlights
Traffic Signals
Utility Poles
Pavement Markings
Regulatory Signs
Warning Signs
Guide Signs
Emergency Response
Summer Maintenance
Winter Maintenance

High
Temperature

Low
Temperature

Frost
Penetration

Heavy
Precipitation

Snow
Frequency

Freeze/Tha
w

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y
Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y
Y
Y
Y

Y

Y

Y

Y
Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y
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Road Surface- Gravel
Road Surface- Asphalt
Road Base

S

R

2

3

6

3
2

2
2

6
4

Public Health and Safety

Y/N P S R Y/N P

Economics

Y/N P S R

Policy Considerations

Mark Relevant Responses with ✓

Insurance Considerations

Frost
Penetration

Emergency Response

Low
Temperature

Operations, Maintenance & Materials Performance

High
Temperature

Serviceability

Climate
Parameter 3

Functionality

Climate
Parameter 2

Structural Integrity

Infrastructure Response
Considerations

Infrastructure Components

Climate
Parameter 1

Environmental Effects

Table A- 18 Risk Assessment Table 1 (Engineers Canada, 2016)

✓ ✓ ✓ ✓
✓
✓
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
✓
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Y
Y
Y

6 3 18
6 5 30
4 3 12

Y
Y
Y

4 3 12
4 4 16
3 3 9

Y
Y
Y
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Side Walks
Curbs
Embankments

✓
✓
✓
✓
✓
✓

Streetlights

✓ ✓ ✓ ✓

✓

Traffic Signals

✓ ✓ ✓ ✓

✓

Utility Poles

✓

Road Subbase
Bridges
Culverts

✓
✓
✓
✓
✓
✓

✓
✓
✓
✓
✓
✓

✓
✓
✓
✓
✓
✓

✓ ✓ ✓ ✓
✓ ✓ ✓ ✓
✓ ✓ ✓ ✓
✓ ✓
✓
✓ ✓ ✓ ✓

✓

✓ ✓
✓ ✓
✓ ✓
✓

4 3 12

Y

3 3

9

Y

2

2

4

Y

3
3

4
4

12
12

4

3

12

Y

✓ ✓

✓ ✓

Pavement Markings

✓ ✓ ✓

✓ ✓

✓

Regulatory Signs

✓ ✓ ✓

✓ ✓

✓

Warning Signs

✓ ✓ ✓

✓ ✓

✓

Guide Signs

✓ ✓ ✓

✓ ✓

✓

Emergency Response

✓

✓ ✓

Y

Y

6 5 30

Y

6 5 30

Y

6 4 24

Y

6 5 30

✓ ✓

Summer Maintenance

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Winter Maintenance

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Y
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Road Surface- Gravel
Road Surface- Asphalt
Road Base

Public Health and Safety

Economics

Y/N P S R

Policy Considerations

Mark Relevant Responses with ✓

Insurance Considerations

Freeze/Thaw
Cycles

Emergency Response

Snow
Frequency

Operations, Maintenance & Materials Performance

Heavy
Precipitation

Serviceability

Climate
Parameter 3

Functionality

Climate
Parameter 2

Structural Integrity

Infrastructure Response
Considerations

Infrastructure Components

Climate
Parameter 1

Environmental Effects

Table A- 19 Risk Assessment Table 2 (Engineers Canada, 2016)

✓ ✓ ✓ ✓
✓
✓
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
✓
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Y
Y
Y

6 4 24
6 4 24
4 3 12

Y/N P S R Y/N P
Y
Y

4 4 16
4 4 16

Y
Y
Y

S

3 4
4 4
3 4

R
12
16
12
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Side Walks
Curbs
Embankments
Streetlights

✓
✓
✓
✓
✓
✓
✓

Traffic Signals

✓ ✓ ✓ ✓

Utility Poles

✓

Road Subbase
Bridges
Culverts

✓
✓
✓
✓
✓
✓
✓

✓
✓
✓
✓
✓
✓
✓

✓
✓
✓
✓
✓
✓
✓

✓ ✓ ✓ ✓
✓ ✓ ✓ ✓
✓ ✓ ✓ ✓
✓ ✓
✓
✓ ✓ ✓ ✓

✓ ✓
✓ ✓
✓ ✓
✓

Y
Y
Y
Y

✓ ✓
✓

4
4
4
2
2
4

8
16
16
4
4
12

Y

5
5
6
4
6

3
3
2
3
5

15
15
12
12
30

Y

4 4

16

3 3

9

Y
Y
Y
Y

5 5 25
4 3 12

Y
Y

✓

✓

✓ ✓

Pavement Markings

✓ ✓ ✓

✓ ✓

✓

Regulatory Signs

✓ ✓ ✓

✓ ✓

✓

Y

4 2

8

Y

3 3

9

Warning Signs

✓ ✓ ✓

✓ ✓

✓

Y

4 2

8

Y

3 3

9

Guide Signs

✓ ✓ ✓

✓ ✓

✓

Y

4 2

8

Y

3 3

9

Emergency Response

✓

✓ ✓

Y

3 4 12

Y

3 4 12

Summer Maintenance

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Y

3 3

Winter Maintenance

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Y

5 4 20

Y

4 3 12

✓ ✓

Y

2
4
4
2
2
3

Y

9
Y
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Table A- 20 Probability Scoring Table (Engineers Canada, 2016)

L

L

L

☞

☞

Climate Parameter

High Temperature

Infrastructure Indicator

A

B

C

This is another indicator
for hot days in summer,
defined as the total
number of days when
daily maximum
temperature is above 25
°C.

Y

Positive

H

Sco
re

Robustness of Forecast?

-

Probability

Projected Change in
Frequency

H
M

Comments

0-7

☞

Projected Change in
Magnitude?

H
M

☞

More-Same-Less?

H
M

☞

Will the Interaction
Change Over Time Horizon
of Assessment?

+
0

Y/N

Professional Judgment

P =⨍ (A,B,C,D, & E)

D

E

☞

P

H

The frequency of number of
summer days have been
significantly increased. For
the baseline period it is 75
days, and it has raised to the
range of 92-130 days for the
period between 2021-2100.
This is a huge change, and
the data trend suggests the
likelihood of it occurring is
relatively high.

6

H
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Low Temperature

Total number of days
with frost potentials, i.e.
minimum temperature
below 0 °C

Y

Negative

M

H

H

Icing Days

Total number of days on
which ice can form (i.e.
when daily maximum
temperature is below 0
°C.

Y

Negative

M

M

H

Heavy Precipitation

Annual total number of
days with more than
10mm of precipitation.

Y

Positive

L

L

H

The temperatures are raising
which suggests that the
winters are getting warmer.
Therefore, the number of
such days will be lesser and
the likelihood of them
frequently is also not high.
With the increase in
temperature the frequency
of occurrence of icing days
reduces and the data
suggest for the baseline
period the frequency of
occurrence for a year is 45
days and for the future
period it varies from 37-30
days. Therefore, the
probability that it effects the
infrastructure component is
low.
There is a marginal increase
in the frequency of
occurrence with respect to
heavy precipitation. It does
not affect the functionality
of the infrastructure
significantly in the future.

4

3

2
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Annual total number of
days with more than
Very Heavy Precipitation 20mm of precipitation.

Freeze/Thaw Cycle

No of days with daily
maximum temperature
above 0 °C and daily
minimum temperature
below 0 °C

Y

Y

Neutral

Negative

L

M

L

M

H

There is a marginal increase
in the frequency of
occurrence with respect to
very heavy precipitation.
There is just one day
increase in the frequency
from the base period and it
do not affect the
functionality of the
infrastructure significantly in
the future.

2

H

As the winter days are
reducing, the data suggests
that the number of
freeze/thaw cycles gets
reduced. Since the
frequency is reduced, the
chances of it having a
detrimental affect on the
infrastructure is low.

3
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